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APPEAL BRIEF ON APPEAL PURSUANT TO 37 C.F.R. § 41.37 
In support of appellant's Notice of Appeal that was filed in connection with the 
above-captioned case, and with reference to the Office action that was mailed in this case 
on September 14, 2004, submitted herewith is appellant's Appeal Brief. 



Real Party in Interest 
The Real Party in Interest in this case is Aegera Therapeutics Inc., to whom all 
interest in the present application has been assigned. 



Related Appeals and Interferences 
There are currently no pending appeals or interferences related to this case. 

Status of Claims 

Claims 5 and 9-15 are pending in this application. Claims 5 and 9-15 are rejected. 
Claims 5 and 9-15 are on appeal. 

Status of Amendments 
All amendments have been entered and are reflected in the appended claims. 

Summary of Claimed Subject Matter 
Appellant's invention features a method of inducing apoptosis in a cell in a 
mammal diagnosed as having a proliferative disease by administering a modified 
antisense oligonucleotide of length sufficient to inhibit an inhibitor of apoptosis (IAP) 
biological activity, wherein the antisense oligonucleotide is complementary to a portion 
of human X-linked IAP (XIAP) (SEQ ID NO:3). Appellant's invention also features a 
method of treating a patient diagnosed as having a proliferative disease by administering 
to the patient a modified antisense oligonucleotide of length sufficient to inhibit an IAP 
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biological activity, wherein the antisense oligonucleotide is complementary to a portion 
of human XIAP. See, e.g., page 8, line 23, to page 9, line 8; page 27, line 21, to page 28, 
line 3, and page 55, line 19, to page 56, line 14, of the specification. 

Ground of Rejection to be Reviewed on App eal 
Claims 5 and 9-15 stand rejected under 35 U.S.C. § 1 12 for lack of enablement. 

Argument 

Rejection of claims 5 and 9-15 under 35 U.S. C. § 112, first paragraph 

Claims 5 and 13-15, which feature a method for inducing apoptosis in a cell in a 
mammal diagnosed as having a proliferative disease, and claims 9-12, which feature 
methods for treating a patient diagnosed as having a proliferative disease, stand rejected 
as lacking enablement based on the assertion that undue experimentation would be 
required to practice the full scope of the invention. While the Examiner acknowledges 
that appellant has enabled the in vivo use of a particular antisense oligonucleotide (i.e., a 
19-mer phosphorothioate modified antisense XIAP oligonucleotide), the Examiner argues 
that the use of an antisense oligonucleotide of any other length is unpredictable. 
This rejection is in error and should be reversed. 

The proper test of enablement is "whether one reasonably skilled in the art could 
make or use the invention from the disclosures in the patent coupled with the information 
known in the art without undue experimentation." Hybritech, Inc. v. Monoclonal 
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Antibodies, Inc. 802F.2d. 1318 (Fed. Or. 1985). The M.P.E.P. § 2164.04 provides 



guidance regarding how this test is to be applied. The M.P.E.P. states: 

(I)t is incumbent upon the Patent Office, whenever a rejection on this basis 
is made, to explain why it doubts the truth or accuracy of any statement in a 
supporting disclosure and to back up assertions of its own with acceptable 
evidence or reasoning which is inconsistent with the contested statement. 
Otherwise there would be no need for the Appellant to go to the trouble and 
expense of supporting his presumptively accurate disclosure. (Emphasis 
added.) 

In short, the Examiner must provide specific technical reasons showing why appellant's 
disclosure fails to satisfy the enablement requirement. 

In the present case, there is no reason to expect that a XIAP antisense 
oligonucleotide that is nineteen nucleotides in length is unique in its ability to induce 
apoptosis. In fact, appellant discloses that antisense XIAP oligonucleotides may be used 
to induce apoptosis in a cell regardless of the length of the antisense oligonucleotide. 
The Examiner has acknowledged that appellant's disclosure enables the in vivo use of an 
antisense oligonucleotide of one particular length (see page 3, first paragraph, of the 
Office action mailed September 14, 2004), and appellant's specification discloses that 
other antisense molecules are also expected to have the desired activity, in a manner that 
is independent of their length. At this juncture it is incumbent upon the Examiner to 
provide evidence showing why undue experimentation would be required to identify 
antisense oligonucleotides of other lengths that also induce apoptosis if this rejection is to 
be maintained. 
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To support the enablement rejection, the Examiner cites Chirila et al., 
(Biomaterials 23:321-342, 2002, hereafter "Chirila"), Jen et al. (Stem Cells 18:307-319, 
2000, hereafter "Jen"), and Stein (Pharmacology & Therapeutics 85:231-236, hereafter 
"Stein"). For the reasons discussed in detail below, none of these references supports the 
Examiner's position of lack of enablement. 

Chirila 

Chirila provides a review of the use of synthetic polymers for delivery of 
therapeutic antisense oligonucleotides. The Examiner cites passages from Chirila to 
support the assertion that methods for the in vivo delivery of oligonucleotides were 
inadequate at the time of filing. For example, the Examiner asserts that antisense 
oligonucleotide delivery must be maintained for a sufficient period of time to achieve 
therapeutic efficacy and that at the time of filing methods for such delivery were 
inadequate. A thorough reading of the entire passage suggests that this challenge can be 
overcome by repeated administration, a method known to the skilled artisan at the time of 
filing. At page 327, right column, last paragraph, Chirila states (emphasis added), "Many 
studies indicate that although ODNs can gain access to the target tissue in vivo, they are 
eliminated rapidly and repeated administration is required to achieve therapeutic effects ." 

In another passage cited by the Examiner, Chirila appears to support the assertion 
that methods of antisense delivery at the time of filing were insufficient. But a careful 
reading of the entire passage suggests that it may be the use of polymers as a delivery 
system that holds future promise. Polymer delivery strategies are discussed as a potential 
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replacement for existing oligonucleotide delivery methods. At page 337, left column, 
lines 26-48, Chirila states: 

In spite of profuse research, none of the polymer carriers developed so far 
were able to replace convincingly as a delivery system the infusion (or 
injection) of free or liposome-encapsulated AS ODNs [antisense 
oligonuclo tides], although some of the proposed carriers (cationic 
polymers, biodegradable polymers) showed promising results. . .However, 
the fact that the outcome so far is not of decisive help in establishing which 
polymers shall be the carriers of choice is rather a moot point. This review 
clearly demonstrates a consistent and ever increasing interest in the 
polymer-aided delivery of therapeutic AS ODNs, which brings hopes that 
this biomaterials application will be successful in the forthcoming future. 
As a new generation of drug therapy in an advanced stage of development, 
the antisense strategy only awaits a suitable delivery system in order to live 
up to its promise. 

With respect to existing methods for antisense oligonucleotide delivery, Chirila states: 

There is, however, some skepticism about the need for delivery systems for 
AS ODNs r 1 51. . . Since the AS ODNs can be delivered without any carrier 
and they still can display AS activity, is there any need to bother with 
developing delivery systems? In reply, there are many reports indicating 
enhanced therapeutic effect of AS ODNs when they are delivered in 
association with an adjuvant (page 327, right column, first paragraph). 
(Emphasis added.) 

Thus, Chirila accepts that antisense nucleic acids delivered by infusion or injection 
display antisense activity, but advocates the development of alternate delivery systems to 
enhance the therapeutic efficacy of these antisense oligonucleotides. 

In fact, Chirila provides numerous examples demonstrating the successful use of 
antisense oligonucleotides in vivo. For example, at page 322, right column, first 
paragraph, Chirila observes that a commercial antisense therapeutic, Fomivirsen, was 
approved by the FDA as a treatment for cytomegalovirus retinitis; at page 326, left 
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column, lines 6-11, Chirila notes that antisense effects were obtained in vivo with naked 
oligonucleotides in animal and clinical trials; at page 330, right column, second 
paragraph, Chirila reveals that antisense oligonucleotides, covalently coupled to poly(L- 
lysine), were effectively delivered to hepatoma cells in vitro and in vivo, citing three 
references by Wu and colleagues (Wu et al., J. Biol. Chem. 263:14621-4; 1988; Wu, J. 
Biol. Chem. 262:4429-32; 1987; Wu, J. Biol. Chem. 267:12436-9, 1992); at page 330, 
right column, last paragraph, Chirila notes that the poly(L-lysine) oligonucleotide 
complexes were used to efficiently deliver antisense oligonucleotides to animal organs 
where they targeted a retroviral mRNA; at page 332, right column, lines 12-16, Chirila 
notes that poly spermine poly (ethylene oxide) copolymers were used to deliver antisense 
oligonucleotides into the vitreous cavity of rat eyes where they successfully 
downregulated expression of their target, fibronectin, citing Roy et al., (Nature Biotech. 
17:476-9, 1999); at page 333, left column, lines 15-22, Chirila relates that antisense 
oligonucleotides were used to inhibit tumour growth in mice injected with oncogene- 
carrying cells; at page 335, right column, second paragraph, Chirila, citing Edelman et 
al., (Circ. Res. 76:176-82, 1995), observes that antisense oligonucleotides in 
poly(ethylene-co-vinyl acetate) produced a 99.6% inhibition of hyperplasia when 
surgically implanted around denuded rat carotid artery. Finally, Chirila notes, at page 
336, right column, lines 6-11, that antisense oligonucleotides in hydrogels inhibited cell 
proliferation in pig arteries after angioplasty, citing Azrin et al. (Cath. Cardiovasc. Diag. 
41:232-40, 1997). 
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In sum, Chirila fails to support the Examiner's assertion that at the time of filing 
methods for the in vivo delivery of therapeutic oligonucleotides were unpredictable. In 
fact, contrary to this assertion, Chirila provides numerous examples demonstrating the 
successful therapeutic use of antisense oligonucleotides. Thus, this basis for the 
enablement rejection should be withdrawn. 

Jen 

Jen provides a review of strategies and options for suppressing gene expression by 

targeting mRNA. The Examiner cites Jen in support of the assertion that antisense 

therapy methods are not routine. In a passage cited by the Examiner, Jen opines, "the 

effective and efficient clinical translation of the antisense strategy has remained elusive." 

Jen supports this opinion by citing Waters et al. (J. Clin. Oncol. 18:1812-1823, 2000). In 

particular Jen states: 

While a number of phasel/II trials employing ONs [oligonucleotides] have been 
reported, virtually all have been characterized by a lack of toxicity but only 
modest clinical effects. A recent paper by Waters et al. describing the use of a bcl- 
2-targeted ON in patients with non-Hodgkin's lymphoma is typical in this regard 
(page 315, lines 9-15). 

While Jen characterizes Water's results as showing only "modest clinical effects," 
Waters' s in vivo administration of antisense oligonucleotides downregulated the target 
protein in many of the patients that received treatment (Waters et al., J. Clin. Oncol. 
18:1812-1823, 2000). This is particularly impressive given that Waters et al. describe a 
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phase I trial, designed primarily to assess toxicity, rather than efficacy. On this point, 

Waters et al. state: 

Bcl-2 protein was reduced in seven of 16 assessable patients. This 
reduction occurred in tumor cells derived from lymph nodes in two patients 
and from peripheral blood or bone marrow mononuclear cell populations in 
the remaining five patients. 

CONCLUSION: Bcl-2 antisense therapy is feasible and shows 
potential for antitumor activity in NHL TNon-Hodgkin's Lymphoma]. 
Downregulation of Bcl-2 protein suggests a specific antisense mechanism 
(emphasis added) (page 1812, right column, abstract). 

Thus, Waters et al successfully used antisense oliognucleotides in vivo to inhibit the 
biological activity of a target protein. Thus, Waters et al. fail to support Jen's opinions 
regarding the difficulties associated with the therapeutic use of antisense oligonucleotides 
in vivo. 

Stein 

The Examiner also cites Stein to support the assertion that the use of antisense 
oligonucleotide therapeutics is unpredictable because such use lacks sequence specificity. 
In fact, a thorough reading of Stein fails to support this assertion. While Stein believes 
that nonsequence specific effects are a problem for researchers interested in determining 
the function of particular genes, Stein does not believe that such effects are a problem for 
medical providers interested in the therapeutic use of antisense oligonucleotides. On this 
point, Stein states: 

These nonsequence-specific effects of phosphorothioate oligonucleotides 
themselves may be therapeutic. Sorting out specific and nonspecific 
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mechanisms of action may often be extremely difficult, if not well nigh 
impossible. Fortunately, this matters neither to the physical health of a 
patient being treated with an antisense oligonucleotide nor to the financial 
health of the treating entity (page 232, left column, paragraph spanning 
pages 231 and 232). 

In fact, Stein provides examples of the successful therapeutic use of the non- 
sequence specific antisense therapeutic Fomivirsen. 

In this particular case, however, while Fomivirsen is undeniably active 
clinically , some doubts remain as to its mechanism of action. These doubts 
relate to the nonspecificity of phosphorothioates, engendered by their 
ability to nonsequence-specifically bind heparin-binding proteins (page 
231, right column, paragraph spanning pages 231 and 232) . 

In fact, regarding the use of antisense oligonucleotides, Stein states, "Over the past 

decade, the antisense biotechnology has been employed many times to reproducibly 

demonstrate truly stunning down-regulation in a variety of systems (p age 231, left 

column, first paragraph). While Stein acknowledges that conflicts exist regarding some 

data, Stein regards the antisense data as widely reproducible. 

...[T]argets, such as protein kinase C (PKC)-a, c-raf kinase, intercellular 
adhesion molecule- 1, and bcl-2 have been examined by several 
laboratories, producing a consensus that in these examples down-regulation 
of translation is indeed due to a Watson-Crick hybridization mechanism. 
Indeed, evidence exists that such a mechanism may have clinical 
applicability (page 231, left column, first paragraph, continued in the right 
column). 

Stein goes on to cite examples of the successful therapeutic use of antisense 
oligonucleotides in vivo, in particular, the use of phosphorothioate antisense 
oligonucleotides to target intercellular adhesion molecule- 1 mRNA for the treatment of 
Crohn's disease (page 231, left column, first paragraph, continued in the right column) 
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and the use of Fomivirsen, a phosphorothioate oligodeoxynucleotide, to target 
cytomegalovirus immediate early mRNA as a treatment for cytomegalovirus retinitis 
(page 231, right column, first paragraph, continued on page 232). 

In sum, Chirila, Stein, and Jen fail to support the Examiner's assertion that 
methods for delivering antisense oligonucleotides provided an obstacle to their 
therapeutic use at the time of filing. In fact, Chirila and Stein tend to support appellant's 
position that at the time of filing antisense oligonucleotides could predictably target 
specific mRNA sequences for inhibition. 

Routine screening identifies antisense oligonucleotides 

The skilled artisan, provided with appellant's disclosure and using methods known 
in the art, could easily screen any antisense oligonucleotide, regardless of its length, for 
its ability to induce apoptosis in a cell. As disclosed in appellant's specification, 
antisense oligonucleotides may be designed using computer algorithms and screened in 
vitro to identify those that effectively inhibit protein expression (pages 54-55). Antisense 
oligonucleotides that are selected for efficacy in vitro are typically effective in vivo, as 
well, as stated in the Declaration of Dr. Eric Lacasse (the "Lacasse Declaration") <P 
(submitted June 14, 2004; considered September 14, 2004). In vivo screening is used to 
identify those antisense oligonucleotides having the greatest efficacy (pages 55 and 56 of 
the specification). Such screening is merely routine and thus cannot constitute undue 
experimentation. 
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Antisense oligonucleotide length is not a determinant of efficacy 

Antisense oligonucleotides are potent and specific therapeutic molecules that share 
a common mechanism of action: they interfere with protein production by binding to a 
complementary target mRNA. This binding inhibits protein production by interfering 
with the ribosome's ability to translate the mRNA, by interfering with splicing, and/or by 
inducing the degradation of the mRNA by RN Ase H, an enzyme that recognizes and 
degrades mRNA/DNA hybrids. Regardless of the length of the antisense 
oligonucleotide, if it binds an accessible site on the target RNA in the cell, the antisense 
oligonucleotide will successfully inhibit protein production. (Lacasse Declaration f4) 

As stated in the Lacasse Declaration f5 9 the results shown in Shankar et al., J. 
Neurochem. 79:426-436, 2001 (hereafter "Shankar"), Kallio et al. FASEB J. express 
article, 10.1 096/fj .0 1 -0280fj3, 2001 (hereafter "Kallio"), and Fukuda et al. Blood 
100:2463-2471, 2002 (hereafter "Fukuda") were carried out using methods available at 
the time appellant's priority document was filed. These references describe the use of 
antisense oligonucleotides of varying lengths to decrease the expression of the inhibitor 
of apoptosis protein survivin. The results of these studies are summarized below. 

Shankar: 20-mer antisense oligonucleotide 

Shankar describes the use of phosphorothioate modified antisense 
oligonucleotides, 20 nucleotides in length, to downregulate expression of human survivin 
expression and to induce apoptosis in neural tumor cells in culture. (Lacasse Declaration 
16) 
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Kallio: 18-mer antisense oligonucleotide 

Kallio describes the use of phosphorothioate modified antisense oligonucleotides, 
18 nucleotides in length, to downregulate human survivin expression in HeLa and PtKl 
cells in culture. The antisense oligonucleotides were conjugated to fluorescein 
isothiocyanate, which allowed them to be visualized by fluorescence microscopy. 
(Lacasse Declaration fl) 

Fukuda: full length antisense oligonucleotide 

Fukuda describes the use of a full-length antisense survivin expression construct to 
modulate survivin expression in CD34 cells. (Lacasse Declaration fS) 

As further evidence that one skilled in the art could have practiced the claimed 
invention as of the filing date of the application, the Lacasse Declaration discusses U.S. 
Patent Nos. 5,958,771 ("the '771 patent") and 5,958,772 ("the '772 patent"), which were 
each filed on December 3, 1998, and 6,087,173 ("the '173 patent"), which was filed on 
September 9, 1999. As detailed below, each of these patents relates to the use of 
phosphorothioate modified antisense oligonucleotides to inhibit the expression of an IAP. 
This work was carried out using methods available at the time appellant's priority 
document was filed (Lacasse Declaration, f9). 

The '771 patent describes the identification of twelve phosphorothioate modified 
18-mer oligodeoxynucleotides that inhibited Cellular Inhibitor of Apoptosis-2 (cIAP-2) 
expression in cells in vitro (Table 1 and column 41, first paragraph) (Lacasse Declaration, 
110). 
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The '772 patent describes the identification of six 18-mer phosphorothioate 
oligodeoxynucleotides that inhibited cIAP-1 expression in cells in vitro (Table 1 and 
column 39, first paragraph) (Lacasse Declaration, fll). 

The '173 patent describes the identification of twenty-four 20-mer antisense 
oligodeoxynucleotides that inhibited XI AP expression in cells in vitro (Table 1, and 
column 41, first paragraph) (Lacasse Declaration, fl2). 

The examples cited above demonstrate that a full range of antisense 
oligonucleotide lengths work to inhibit the biological activity of an I AP target gene. 

Clinical applications for antisense oligonucleotides 

In addition, with respect to Jansen et al, The Lancet Oncology 3:672-683, 2002 
(hereafter "Jansen"), which provides a review of the in vivo use of antisense 
oligonucleotides of varying lengths, the Lacasse Declaration states that the examples 
cited below, which relate to the use of phosphorothioate modified antisense 
oligonucleotides to inhibit protein production, were also carried out using methods 
available at the time applicants' priority document was filed. (Lacasse Declaration fl3) 

18-mer phosphorothioate antisense oligonucleotide 

Jansen describes 1997 phase I clinical trials that used an 18-mer phosphorothioate 
Bcl-2 antisense oligonucleotide to treat patients diagnosed with non-Hodgkin lymphoma. 
Treatment with the 18-mer antisense oligonucleotide decreased BCL-2 protein levels in 
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half of all patients that received it (page 676, right column, first paragraph). (Lacasse 
Declaration ^[14) 

20-mer phosphorothioate antisense oligonucleotide 

In a 1996 study by Yazaki etal. (Mol Pharmacol 50:236-42, 1996), which is also 
reviewed by Jansen, a 20-mer phosphorothioate modified antisense oligonucleotide was 
used to inhibit Protein Kinase C expression in glioblastoma xenografts in mice 
(paragraph spanning page 677, right column, to page 678, left column). (Lacasse 
Declaration <J[15) 

- 24~mer antisense oligonucleotide - - 

A clinical pilot study, carried out by Ratjczak and colleagues in 1992, is also 
reviewed in Jansen. In this study, a 24-mer phosphorothioate modified antisense 
oligonucleotide was used ex vivo to successfully target and decrease the expression of the 
c-MYB proto-oncogene in bone-marrow cells harvested from patients with chronic 
myelogenous leukemia (page 679, right column, first paragraph). (Lacasse Declaration 
116) 

As further evidence of enablement, the Lacasse Declaration referred to Sugano et 
al M J. Biol. Chem. 271:19080-19083, 1996 (hereafter "Sugano"), Galvin-Parton et al, J. 
Biol. Chem. 272: 4335-4341, 1997 (hereafter "Galvin-Parton"), MacLeod et al, J. Biol. 
Chem. 270:8037-8043, 1995 (hereafter "MacLeod"), and Ramchandani et al., Proc. Natl. 
Acad. Sci. USA 94:684-689, 1997 (hereafter "Ramchandani"), all of which were received 
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for publication prior to the date on which appellant's priority document was filed, and all 
of which relate to methods of using antisense oligonucleotides to inhibit protein 
production. (Lacasse Declaration fl7) 

21 -mer antisense oligonucleotide 

Sugano, published in 1996, used a 21 -mer antisense oligonucleotide to inhibit 
expression of cholesteryl ester transfer protein (CETP), the enzyme that facilitates the 
transfer of cholesterylester from high density lipoprotein to apoB-containing lipoprotein. 
The asialoglycoprotein-coupled 21 -mer antisense oligonucleotide, which was 
administered to rabbits intravenously, decreased CETP biological activity and also 
decreased total cholesterol levels. (Lacasse Declaration SI18) 

39-mer antisense oligonucleotide 

As published in February 1997, Galvin-Parton expressed a 39-mer antisense 
oligonucleotide in transgenic mice. This 39-mer antisense oligonucleotide, which 
targeted the nucleic acid encoding G-protein, Ga q , decreased Ga q polypeptide levels, and 
caused an increase in body mass and hyperadiposity. (Lacasse Declaration \\9) 

600-mer and 20-mer antisense oligonucleotides 

MacLeod, in 1995, expressed a 600-mer antisense oligonucleotide, which was 
complementary to DNA methyltransf erase mRNA, in Yl cells, a tumorigenic 
adrenocortical cell line. This antisense oligonucleotide decreased DNA 
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methyltransferase gene expression, protein activity, and also decreased the ability of the 
Yl cells to form tumors when injected into mice. (Lacasse Declaration f20) 

In a related study published in January 1997, Ramchandani designed a 
phosphorothioate modified 20-mer antisense oligonucleotide that targeted the same 
region of DNA methyltransferase mRNA that was targeted by the 600-mer described by 
MacLeod. Ramchandani injected tumorigenic Yl cells into the flanks of mice, allowed 
tumors to form, then administered the 20-mer antisense oligonucleotide to the tumor. 
The 20-mer and the 600-mer antisense oligonucleotides, though of widely differingly 
lengths, both decreased DNA methyltransferase levels and inhibited tumor growth. 
(Lacasse Declaration fll) 

In sum, Shankar, Kallio, Fukuda, the '771 patent, the '772 patent, the 6 173 patent, 
Jansen, Sugano, Galvin-Parton, and MacLeod describe the use of antisense 
oligonucleotides that range in length between 18 and 600 nucleotides to inhibit the 
expression of a target gene and achieve a desired biological effect. These antisense 
oligonucleotides, regardless of length, bind to a complementary target mRNA and inhibit 
protein production, just as appellant's antisense oligonucleotides do. One skilled in the 
field of antisense, being familiar with the art available at the time of filing (of which the 
above is but a sample) would know that antisense molecules complementary to a portion 
of XI AP could be a variety of different lengths. (Lacasse Declaration f22) 

The Examiner has acknowledged that appellant has enabled the in vivo use of 
certain 19-mer antisense oligonucleotides to inhibit the biological activity of XI AP. No 
evidence has been made of record to show that a 19-mer antisense oligonucleotide is 
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unique in its ability to inhibit XIAP biological activity. Indeed, appellant has provided 
abundant evidence showing that virtually any antisense oligonucleotide that binds to its 
complementary target mRNA will inhibit protein production. On this basis alone, the 
enablement rejection should be withdrawn. 

In vivo efficacy of antisense XIAP therapy reduced to practice 

The sufficiency of appellant's disclosure is evidenced in the Declaration of Dr. 
Robert Korneluk (submitted May 20, 2003; considered August 8, 2003) and 
accompanying exhibits, showing that appellant has successfully reduced to practice the 
present invention using techniques known to those skilled in the art of antisense 
oligonucleotide technology at the time of filing. Specifically, appellant i) identified 
antisense oligonucleotides; ii) rapidly screened IAP antisense therapies in cell lines; iii) 
tested the efficacy of identified antisense oligonucleotides in animal models; and iv) 
tested the efficacy of antisense oligonucleotides in combination with traditional therapies. 
These experiments, as detailed below, plainly demonstrate that the in vivo administration 
of antisense oligonucleotides complementary to XIAP SEQ ID NO:3 was enabled as a 
cancer therapy at the time appellant's priority document was filed. 

Identification of antisense oligonucleotides 

In the Korneluk Declaration, appellant discloses that antisense oligonucleotides 
were identified using methods outlined in the specification (Korneluk Declaration %4). 
Specifically, appellant identified ninety-six oligonucleotide sequences complementary to 
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a portion of XIAP (each sequence having nineteen nucleotides) (SEQ ID NOs: 1 through 
96) from a region approximately 1 kb upstream of the start codon to approximately 1 kb 
downstream of the stop codon of the XIAP cDNA sequence. 

In vitro screening of oligonucleotides 

In the Korneluk Declaration, appellant discloses that the XIAP synthetic library of 
96 antisense oligonucleotides was rapidly screened in cell lines (Korneluk Declaration 
f5). Specifically, T24 cells (1.5 x 10 4 cells/well) were seeded in wells of a 96- well plate 
on day 1, and were cultured in antibiotic-free McCoy's medium for 24 hours. On day 2, 
the cells were transfected with XIAP antisense oligonucleotides. On day 3, XIAP RNA 
levels were measured using quantitative real-time PCR techniques. At day 4, XIAP 
protein levels were measured by ELISA and total cellular protein was measured 
biochemically. These results were compared to a mock transfection sample (treated with 
the transfection agent without oligonucleotide DNA, and then processed as for the other 
samples). 

These methods identified 16 antisense oligonucleotides that decreased XIAP 
protein levels relative to control cells that were mock transfected. As expected, the 
ability of an antisense oligonucleotide to decrease XIAP protein levels correlated with its 
ability to decrease XIAP mRNA levels. Sixteen of these oligonucleotides decreased by at 
least 50% levels of XIAP protein or mRNA levels. The G4 antisense oligonucleotides 
(G4AS) exhibited the strongest down-regulating effect on XIAP protein, reducing XIAP 
protein levels by 62% within twenty-four hours after the end of transfection when 
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compared with control, lipofectin alone, other antisense oligonucleotides (F3AS, C5AS), 
and oligonucleotide controls (F3RP, G4SC, C5RP). Cells treated with G4 antisense 
oligonucleotides had higher levels of apoptotic DNA content than control cells or cells 
treated with a G4 control oligonucleotide, and underwent morphological changes 
characteristic of apoptosis. Few control cells showed these morphological changes. 
Forty-eight hours after transfection, G4 antisense oligonucleotides reduced H460 cell 
growth 55% relative to untreated controls. In vivo studies with lung carcinoma and breast 
carcinoma cells were then carried out, as is described below. 

Efficacy testing in animal models 

In the Korneluk Declaration, appellant discloses that the efficacy of identified 
antisense oligonucleotides was tested in animal models (Korneluk Declaration f6, f7). In 
particular, appellant teaches that SCID-RAG2 mice were inoculated with H460 human 
lung carcinoma cells (subcutaneous shoulder injection of 10 6 cells) and treatments with 
G4 and F3 AS PS-ODNs, as well as a scrambled control, were initiated three days after 
tumor inoculation. Oligonucleotide injections were administered intraperitoneally at 12.5 
mg/kg three times a week for three weeks. At the end of the treatment period, mean 
tumor sizes in the groups treated with either G4 or F3 antisense oligonucleotides were ~ 
50 % smaller relative to tumor size in a control group treated with a scrambled control 
oligonucleotide or vehicle alone. 

The treatment protocol described above was also tested on female SCID-RAG2 
mice in groups 1-4 inoculated orthotopically with MDA-MB-435/LCC6 human breast 
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carcinoma cells. Two weeks after the last treatment (day 35) tumor volumes of mice 
treated with F3, C5 or G4 antisense oligonucleotides were 70%, 60% and 45% smaller 
than vehicle controls, respectively. 

Appellant further discloses that G4 antisense oligonucleotides in SCID-RAG2 
mice bearing xenografts of H460 human non-small-cell lung tumors were implanted 
subcutaneously (Korneluk Declaration <][8). Saline- treated control tumors grew 
reproducibly to a size of 0.75 cm 3 within approximately 24 days. Oligonucleotide 
treatments were initiated three days after tumor cell inoculation. G4 antisense 
oligonucleotides (5 to 15 mg/kg) or a control oligonucleotide were administered using a 
treatment schedule of intraperitoneal injections given on days 3-7, 10-14, and 17-21 
(once a day). The treatment with 5 or 15 mg/kg G4 antisense oligonucleotides greatly 
delayed tumor growth: on day 24 mean tumor sizes were 0.75, 0.45 and 0.29 cm in 
control, 5 and 15 mg/kg treated groups, respectively. There was a dose-dependent 
inhibition of tumor growth. Tumor size in mice treated with 15 mg/kg G4 antisense 
oligonucleotides was significantly smaller than in control groups, and represented 39% of 
control mean tumor size. In contrast, administration of G4 scrambled oligonucleotides at 
15 mg/kg provided no therapeutic activity. None of the mice treated with 
oligonucleotides displayed any signs of toxicities, and both doses of oligonucleotides 
were well tolerated. A dose of 15 mg/kg was selected for the future combination 
treatment regimens with anticancer drugs. 

Appellant further discloses that to correlate G4 antisense oligonucleotide tumor 
growth inhibitory effects with XIAP protein expression, the changes in XIAP expression 
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at the end of the in vivo treatment with 15 mg/kg of G4, F3, and C5 antisense and 
scrambled oligonucleotides were examined (Korneluk Declaration %9). At day 21 or 24 
post-tumor inoculation when tumors reached 1 cm 3 in size, tumors were harvested and 
lysates from tumor homogenates were used for western blot analysis. XIAP and p-actin 
antibodies against the human protein were used, allowing for determination of human 
XIAP levels obtained from tumor cells specimens without contamination from XIAP 
derived from mouse cells. XIAP protein levels in tumors treated with G4 antisense 
oligonucleotides were quantitated by densitometry. Appellant found that XIAP protein 
levels were significantly reduced to approximately 85% of control tumors (P <0.005). 
XIAP protein in tumors treated with G4 scrambled oligonucleotides were reduced in size 
by 24% of control tumors. These results indicated that inhibition of H460 tumor growth 
by G4 antisense oligonucleotides correlated with the down-regulation of XIAP protein 
expression. 

To evaluate whether XIAP antisense oligonucleotide administration results in 
direct tumor cell kill, the histology of tumors after treatment was examined both for 
morphology and ubiquitin immunostaining (Korneluk Declaration ^lO). At day 21 or 24 
post-tumor inoculation, tumors treated with 15 mg/kg of G4 antisense, scrambled 
oligonucleotides, or saline control were excised, sectioned, and stained with hematoxylin 
and eosin. The results demonstrated that tumors in animals administered given XIAP 
antisense oligonucleotides treatment contained an increased number of dead cells, 
identified morphologically by their amorphous shape and condensed nuclear material. 
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Efficacy testing of combination therapy 

The Korneluk Declaration fl2 discloses the in vivo efficacy of combination 
therapy. Appellant combined treatments of G4 antisense oligonucleotides with a known 
chemotherapeutic agent. The therapeutic efficacy of vinorelbine, an agent used for lung 
cancer treatment, was assayed in the presence and absence of G4 antisense 
oligonucleotides or scrambled oligonucleotides. Treatment was initiated on day 3 after 
tumor inoculation. Each of the two regimens induced significant tumor growth 
suppression in a dose-dependent manner without showing significant signs of undesirable 
toxicity (i.e., body weight loss). When administration of G4 antisense oligonucleotides 
(15 mg/kg) was combined with vinorelbine (5 mg/kg) for the treatment of H460 tumors, a 
more pronounced delay of H460 tumor growth was observed compared to either 
treatment administrated alone. Again, the mice did not show any significant signs of 
toxicity (i.e., body weight loss). Mean tumor size in mice treated with 5 mg/kg 
vinorelbine in the presence or absence of G4 AS or scrambled oligonucleotides was 
compared on day 29. The tumor sizes in the group receiving combination therapy was 
0.22 ± 0.03 cm 3 , significantly smaller than the tumor sizes of groups receiving any other 
treatment (tumor size in control mice receiving 5 mg/kg vinorelbine alone or a 
combination of vinorelbine and G4 scrambled oligonucleotide was 0.59 ± 0.04 and 0.48 ± 
0.05 cm 3 , respectively). 

In sum, using routine methods described in the specification, appellant has 
demonstrated the in vivo therapeutic efficacy of antisense XIAP oligonucleotides for 
enhancing apoptosis in a cell of a mammal and for the treatment of a patient diagnosed as 
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having a proliferative disease. Clearly, appellant has enabled a method for inducing 
apoptosis in a cell in a mammal and a method for treating a patient having a proliferative 
disease by administering antisense nucleic acids complementary to XI AP (SEQ ID NO: 3) 
to inhibit XIAP biological activity. Reconsideration and withdrawal of the rejection for 
lack of enablement is respectfully requested. 



Appellant respectfully requests that the rejection of claims 5 and 9-15 be reversed. 

This Appeal Brief is in reply to a Notification of Non-Compliant Appeal Brief 
mailed on December 7, 2005, and replaces the Appeal Brief filed October 14, 2005. 
Appellant previously enclosed a check for $250.00 in payment of the fee required by 37 
C.F.R. § 41.20(b)(2), a petition to extend the period for replying for five months, to and 
including October 14, 2005, and a check for the fee required by 37 C.F.R. § 1.17(a). If 
there are any charges, or any credits, please apply them to Deposit Account No. 03-2095. 



CONCLUSION 



Respectfully submitted, 



Telephone: 617-428-0200 
Facsimile: 617-428-7045 




Clark & Elbing LLP 
101 Federal Street 
Boston, MA 02110 
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Claims Appendix 

5. A method of inducing apoptosis in a cell in a mammal diagnosed as having a 
proliferative disease, said method comprising administering to said mammal a modified 
antisense oligonucleotide of length sufficient to inhibit an inhibitor of apoptosis (LAP) 
biological activity, wherein said antisense oligonucleotide is complementary to a portion 
of human X-linked IAP (XIAP) (SEQ ID NO:3). 

9. A method of treating a patient diagnosed as having a proliferative disease, said 
method comprising administering to said patient a modified antisense oligonucleotide of 
length sufficient to inhibit an inhibitor of apoptosis (IAP) biological activity, wherein 
said antisense oligonucleotide is complementary to a portion of human X-linked IAP 
(XIAP) (SEQ ID NO:3). 

10. The method of claim 9, wherein said mammal is a human. 

1 1 . The method of claim 9, wherein said proliferative disease is cancer. 

12. The method of claim 11, wherein said cancer is ovarian cancer, 
adenocarcinoma, lymphoma, or pancreatic cancer. 

13. The method of claim 5, wherein said mammal is a human. 
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14. The method of claim 5, wherein said proliferative disease is cancer. 

15. The method of claim 14, wherein said cancer is ovarian cancer, 
adenocarcinoma, lymphoma, or pancreatic cancer. 




K0* 
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Abstract 

Developed over the past two decades, the antisense strategy has become a technology of recognised therapeutic potential, and 
many of the problems raised earlier in its application have been solved to varying extents. However, the adequate delivery of 
antisense oligodeoxynucleo rides to individual cells remains an important and inordinately difficult challenge. Synthetic polymers 
appeared on this scene in the middle 1980s, and there is a surprisingly large variety used or proposed so far as agents for delivery of 
oligodeoxynucleotides. After discussing the principles of antisense strategy, certain aspects of the ingestion of macromolecules by 
cells, and the present situation of delivery procedures, this article analyses in detail the attempts to use synthetic polymers as 
carrier matrices and/or cell membrane permeabilisation agents for delivery of antisense oligodeoxynucleotides. Structural aspects of 
various polymers, as well as the results, promises and limitations of their use are critically evaluated. © 2001 Elsevier Science Ltd. 
All rights reserved. 
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1. Introduction 

Treatment with traditional drugs is based on mole- 
cular substitution, which involves the chemical mod- 
ification of various compounds that are then subjected 
to screening programmes. An increasing array of 
inherited and acquired diseases is now understood by 
an 'inside out 1 approach involving the identification and 
targeting of the underlying genetic cause. As a result, 
therapeutic strategies based on the addition of genes to 
compensate for faulty genes, addition of genes with new 
functions, or disruption of gene expression have been 
developed and they are rapidly growing in diversity and 
scope. Gene therapy treats diseases caused by the 
malfunction of a gene by transferring genetic material 
into cells either to correct a genetic error (gene targeting) 
or to introduce a new function with therapeutic benefit 
(gene augmentation) [1—7]. 

Recent years have witnessed the development of gene 
disruption technologies. One of such approaches is the 
antigene strategy [8,9], which aims either at the 
inaetivation of genes by homologous recombination 
with DNA constructs or at disturbing gene function by 
combination with short fragments of DNA, i.e. oligo- 
deoxy nucleotides (ODNs), able to form triple helix 
structures. Differing in its approach from both tradi- 
tional drug therapy and gene therapy, and — to a certain 
extent — from antigene strategy, is the anfisense (AS) 
strategy (sometimes called 'anti-mRNA' or 'antimessen- 
gef). The ODNs used in AS strategy target the molecule 
acting as an intermediary in genetic expression, i.e. the 
messenger ribonucleic acid (mRNA), with the aim to 
inhibit the production of the proteins. This technology 
makes use of very short fragments of nucleic acid 
molecules, most commonly ODNs (typically 1 5 30 
nucleotides long) (Fig. 1) that display a complementary 
base sequence to the target mRNA. They are able to 
interact- in a rational way with the mRNA transcripts of 
a mutant or overexpressed gene, preventing their 
translation into disease-related proteins. In an ideal 
situation, the mRNA molecule is vulnerable to selective 
attack, resulting in the arrest of its processing and the 
suppression of protein biosynthesis. In AS strategy, the 
target is not the gene, and there is no transfer of genetic 
material involved. Compared to the traditional drug 
strategies that are usually nonspecific, the use of AS 



ODNs provides high specificity and selectivity. Ideally, 
an AS ODN of a precise length has only one target (the 
mRNA), and the binding to target is sequence specific. 
Considering that every single mRNA molecule would be 
able to generate a large multitude of protein copies 
unless its processing is arrested, the inhibition of gene 
expression has to be more efficient and specific than die 
inhibition of resulting proteins. 

Zamecnik and Stephenson were first to propose in 
1978 the use of synthetic AS ODNs for therapeutic 
purpose [1 0, 1 1], but the term 'antisense' came into use in 
1984 when it was coined by lzant and Weintraub [12,13]. 
Over the last two decades, the AS strategy has received 
special attention due to the rationality of its foundation 
and the apparent ease in synthesising and using ODNs 
as potential drugs. Recent reports [14,15] suggest that at 
least a dozen human clinical trials with AS ODNs have 
been initiated since 1992, directed at targets with roles in 
cancers, AIDS, inflammatory disorders, psoriasis, cyto- 
megalovirus retinitis, and renal transplant rejections. A 
commercial antisense dterapeutic product (Fomivir- 
sen ?c ) was approved by the FDA in 1998 for the 
treatment of cytomegalovirus retinitis. Although AS 
technology is becoming an established strategy of 
undisputed potential therapeutic power, controversies 
regarding the mechanism of action and experimental 
reproducibility, as well as some issues that are presently 
not well understood, are slowing down the progress in 
this field. The difficulty in finding an adequate delivery 
method for AS ODNs in relation to their cellular (or 
nuclear) uptake is currently perceived as one of the 
major drawbacks. A number of ingenious stratagems 
have been developed to deal with this problem, and the 
use of synthetic polymers as carriers for AS ODNs is 
one of diem. This article attempts to provide a detailed 
account of the structure, suitability, limitations, and 
outcomes of the polymers proposed so far for the 
delivery of AS ODNs. 

One expects that the problems underlying the delivery 
of ODNs in AS strategy should not be significantly 
different from those underlying the non viral delivery of 
DNA in gene therapy. The latter topic has been 
extensively reviewed [16-18]. Indeed, many polymer 
carriers presented here have been also tried for delivery 
of DNA. However, the size of DNA (commonly a 
plasmid) is considerably larger than that of an 
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Fig. f. Structure of oligodeoxynucleotides used in antiscnse strategy. 



oligonucleotide, which makes cellular and nuclear 
uptake of plasmids more difficult and creates an 
additional technical challenge that may limit the range 
of potential carriers. The nonviral delivery methods 
employed in gene therapy appear to be less efficient than 
the virus-mediated delivery [17,19], 



2. Antlsense strategy: principles and mechanism 

The principle of AS therapeutic action follows the 
central dogma of molecular biology in eukaryotic cells, 
and was comprehensively discussed in some major 
reviews [20-26], The basic assumption is simple: if a 
single-stranded nucleic acid could hybridise to a nucleic 
acid, the result should be blockage of the normal 
utilisation in cells of the latter. 

Every gene (a double-stranded DNA), carrying the 
genetic information for a particular protein, is tran- 
scribed in the cell nucleus to copies of single-stranded 
mRNA, the intermediary carrier of information. The 
primary transcript, the so-called pre-mRNA, undergoes 
a number of maturation processes to become mature 
mRNA, which is then translocated into the cytoplasm. 
Each copy of mRNA then serves as a template for the 
biosynthesis of a large number of molecules of the 
particular protein by translation on ribo somes (the 
protein biosynthesis apparatus in cell), leading to the 
appearance of the phenotype determined by the original 
gene. A description of an ideal AS mechanism would be 
that an AS ODN enters the cell and interacts specifically 
and directly with molecules of its complementary 
mRNA. These ODNs are called 'antiscnse* because 
they constitute a complementary strand to a portion of a 
coding sequence, generally designated the 'sense 1 strand. 
Single-stranded mRNA binds to the AS ODN by 
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hydrogen bonds, usually by Watson Crick base pairing 
(Fig. 2), and forms a double-helix hybrid (duplex). 
Regarding AS ODNs as drugs, their affinity for 
receptors (the mRNA sequences) is the result of two 
processes, the hybridisation by base pairing and the base 
stacking in the double helix that is formed. The 
specificity of AS ODNs as drugs results from the highly 
selective nature of the base pairing itself. 

The hybridised mRNA species become obsolete for 
translation from several possible causes. For instance, 
binding of an AS ODN to the mRNA at the site where 
translation starts prevents the binding of factors that 
initiate or modulate the translation. Also, the hybrid 
formation may block the movement of the ribosomes 
along the mRNA molecule; their progress is held up for 
a while until they finally drop off. Translation being 
suppressed, the biosynthesis of the protein for which the 
target mRNA served as a template is no longer possible 
(Fig. 3). Paterson el al. [27] demonstrated this mechan- 
ism for the first time in a cell-free system, and coined for 
it the term of 'hybrid -arrested translation 1 (HART). Its 
therapeutic consequence is obvious when the aim is the 
cancellation of a disease-related protein. 

Translational arrest is indeed the inhibitory mechan- 
ism for which the majority of AS ODNs have been 
initially designed. However, there is compelling experi- 
mental evidence that more than one mechanism can be 
operative besides HART. The mechanisms by which AS 
ODNs induce effects appear to be complex, many, and 
might even be more numerous than thought. In fact, 
only in a limited number of cases a true antiscnse 
inhibitory action has been rigorously demonstrated. 
Since rather little is presently understood about the 
contributions of various mechanisms to the events that 
happen after the ODNs were delivered and exposed to 
their nucleic acid receptors, a treatment of the operative 
inhibitory mechanisms involved in the so-called 
'antisense* activity would remain largely theoretical 
and beyond the aim of this review. The specialists in 
the field have extensively discussed these mechanisms 
[4,9,20,21,23,24,26,28-34]. Attempts to rationalise both 
proven and putative mechanisms led to classifications 
which take into account that any of the events occurring 
in the processing of mRNA may be inhibited by 
intervening ODNs [21,23,26,34]. For instance, AS 
ODNs can interfere with any of the events preceding 
translation and taking place in the nucleus, i.e. 
transcription (in which case the target is DNA), splicing, 
or maturation. These inhibitory pathways are sometimes 
classified as 'occupancy-mediated mechanisms' [23], a 
category that also includes HART. Other mechanisms, 
classified as Occupancy-mediated destabilisation 1 
[23,26], refer to the inhibition of early post-transcrip- 
tional key steps in the processing of pre-mRNA. In 
order to assure a stable mature mRNA, the pre-mRNA 
must undergo both capping with a specific protein at 
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Fig. 3. Inhibition of translation by an AS ODN. 



the 5'-end and addition of polyadenylate chains at the 
3'-end. By interacting with 5'- and 3'-regions of the pre- 
m'RNA, tlie ODNs can inhibit these steps and thus 
destabilise the RNA species. Another important me- 
chanism relies on the activation of ribonuclease H 
(RNase H), a group of ubiquitous enzymes Uiat 
specifically cleave the RNA strand of an RNA-DNA 
duplex. The RNase H-mediated cleavage is very effective 
and appears to be the most commonly accepted 
mechanism for the activity of AS ODNs, although the 
recognition of the ODN substrates by RNase H is 
restricted due to its high sensitivity to the structural 
changes in ODNs. 

Another mechanism is based on the chemical altera- 
tion of the target nucleic acid by oligonucleotides 



bearing reactive species that can induce alkylation or 
crosslinking. When the oligonucleotides are conjugated 
to complexes of redox-active metals able to generate 
activated oxygen species, they can specifically bind to, 
and then cleave, the target nucleic acid (hence the term 
'artificial endonucleases' [21]). Related to the latter 
method, the use of ribozymes has attracted much 
attention [20,34,35]. Ribozymes are RNA species able 
to catalyse the cleavage of the RNA species within 
RNA-ribozyme duplexes. The therapeutic exploitation 
involves their attachment to oligonucleotides in order to 
be delivered as synthetic entities consisting of antisense 
domains and catalytic domains. Other single- or double- 
stranded nucleic acid species, known as ^tamers' 
[15,32], bind to proteins that have regulatory functions 
in the expression of genes. Finally, nonspecific effects of 
certain sense or homopolyrneric ODNs have been 
observed in many instances [21], suggesting more 
intricate inhibitory mechanisms. 

Strictly speaking, most of these mechanisms are not 
antisense processes. While, by definition, an AS mechan- 
ism is sequence specific and has the mRNA as the target 
of its action, many of the above mechanisms are 
sequence independent and/or are targeting DNA or 
proteins. In an attempt to reconcile this discrepancy and 
envelop more adequately the large variety of mechan- 
isms and approaches commonly covered by the antisense 
umbrella term, Leonetti et al. [29] proposed the generic 
concept of 'synthetic or small nucleic acids interfering 
with gene expression' (SNAIGE). Apart from HART 
and the mechanisms mentioned above, SNAIGE also 
includes the disruption of gene expression by triple-helix 
formation through the hybridisation of oligonucleotides 
with double-stranded DNA, which is clearly an antigene 
strategy aimed at transcriptional arrest. 

Regardless of the precise mechanism of action, which 
is still a matter of conjecture from case to case, the 
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advances in AS strategy are afflicted by major problems. 
While significant progress has been lately recorded 
toward solving some of these problems, such as stability 
of ODNs and their hybrids to nuclease activity, target 
selection and specificity, sequence accessibility, biologi- 
cal activity in vivo, and technical feasibility, there 
remains a predominant challenge: the ability to suitably 
deliver the ODNs in order to assure maximum cellular 
permeability, effective internalisation, and improved 
efficiency in reaching the target. 

3. Cellular internalisation of oligodeoxynucleotides and 
intracellular events 

ft is perhaps beneficial to briefly recapitulate what is 
known about the processes by which eukaryotic cells are 
able to ingest or eject macromoleeules, a topic routinely 
treated in cell biology textbooks. The import and export 
of macromoleeules (mainly proteins), other particulate 
matter, and low molecular weight solutes across the 
plasma membrane is a way by which the cells 
continuously communicate with the environment. Plas- 
ma membrane is the key factor in accumulation or 
elimination of various components, and it performs 
these tasks through transport (passive diffusion) and 
endocytosis. In the transport process, the membrane is 
stationary, and the solutes (mainly those with low 
molecular weight) diffuse through it. Endocytosis is the 
process of ingesting macromoleeules or other particulate 
matter and involves formation of membrane-bounded 
vesicles. We will not discuss here the release of 
substances from cell (exocytosis), as it is not yet clear 
what role this process has in the intracellular trafficking 
of ODNs. 

Endocytosis consists sequentially of inward folding of 
the plasma membrane (invagination), enveloping a 
droplet of extracellular medium, pinching off the 
membrane, and formation of an intracellular vesicle 
containing the ingested material. The vesicles fuse to 
form endosomes, which increase their size (to maximum 
500 nm) by further fusing with each other or with other 
intracellular vesicles. This process is known as pinocy- 
lasts, and is different from phagocytosis, an endocytic 
process involving ingestion of bacteria or very large 
particles of food or foreign material by specialised cells. 
Most endosomes fuse with membrane- bounded orga- 
nelles, known as lysosomes, which contain large 
amounts of hydrolylic enzymes. Endosomes fuse with 
primary lysosomes to form secondary lysosomes, which 
are the final destination of the internalised macromole- 
eules targeted for degradation. While the ingested 
material is rapidly broken down by the lysosomal 
enzymes, the endocytic membranes are returned to the 
plasma membrane. Some endosomes bypass the lyso- 
somes, traverse the cytoplasm (transcytosis), and either 



are incorporated into the plasma membrane or they 
release their contents by exocytosis. Macromoleeules 
tiiat do not have features recognisable by the membrane 
are ingested by nonspecific endocytosis, . and some cells 
(e.g. those of the reticuloendothelial system) perform 
this process at a much higher rate than other cells (e.g. 
fibroblasts). The main idea to be retained is that the 
endosomal compartment of a cell performs the impor- 
tant task of sorting the internalised material for (a) 
degradation in lysosomes, (b) recycling to the plasma 
membrane, and (c) transcytosis. 

Usually, the endocytic cycle begins with endosomes 
generated by small invaginations occurring in regions of 
the plasma membrane that are coated with electron- 
dense structures and are known as coated pits. The pits 
pinch off the membrane and form coated vesicles, which 
eventually shed their coats and fuse with early endo- 
somes. The main protein of the coat is clathrin. As the 
clathrin-coated pits invaginate to become vesicles, the 
entrapped extracellular fluid (with its components) is 
internalised by a process called fluid-phase endocytosis. 
In most animal cells, clathrin-coated pits and vesicles 
provide a specialised pathway for ingestion of certain 
macromoleeules by cells, termed receptor-mediated 
endocytosis (RME) or specific adsorptive endocytosis. 
This process takes place when a receptor at the plasma 
membrane binds to an extracellular macromolecule 
(ligand), and the receptor -ligand complex is internalised 
at a much higher rate than the macromoleeules ingested 
through other pathways. The receptors are present in 
coated pits even in the absence of ligands but additional 
receptors accumulate after the binding of ligands. 
Models have been developed to explain the role of 
clathrin in the accumulation of receptors in coated pits 
[36]. While the clathrin-mediated pathways appear to be 
responsible for the majority of RME and for some 
pinocytic processes, clathrin-independent pathways for 
endocytosis have been demonstrated in several situa- 
tions. Such pathways may proceed via small (50™ 
lOOnm) invaginations (caveolae) that contain a specific 
protein (caveolin) and certain receptors, or through 
smooth uncoated invaginations (150 300 nm). This 
process, which is termed 'potocytosis' [32], appears to 
deposit the macromoleeules directly into eytosol, avoid- 
ing the lysosomal compartments, and some authors 
regard it as a nonendocytic process. 

In order to perform their inhibitory tasks, the AS 
ODNs must pass through the plasma membrane, escape 
from cytoplasmic vesicles, and then reach the target in 
cytoplasm. (When nuclear events are targeted, the 
ODNs must also enter the nucleus.) There is, however, 
a serious difficulty: plasma membrane is a potent natural 
barrier both to large molecules and to negatively 
charged molecules. Surprisingly, although ODN mole- 
cules have at least one of these characteristics, implying 
little or no proficiency in diffusing across membranes, 
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their ingestion takes place better than would have been 
expected. For instance, it was demonstrated [37] that 
about 7.5% of a radiolabeled AS ODN added as a 
solution in serum-free medium to human cultured cells 
was internalised by cells within I5min. The uptake of 
'naked' AS ODNs is generally too low for a telling 
biological effect in an in vitro setting. On the contrary, 
AS effects have been attained in the in vivo setting with 
naked ODNs, not only in animal experiments but also in 
some clinical trials, and tentative explanations have been 
advanced for this apparent dichotomy [15]. 

Although many aspects of the ingestion of ODNs by 
cells have yet to be clarified, there is compelling evidence 
that they enter the cells by an endocytic process 
[15,29,32,36,38- -46], not through passive diffusion as 
earlier thought. Pinocytosis, RME, nonspecific adsorp- 
tive endocytosis, and endocytosis mediated by mem- 
brane destabilisation were amongst the pathways 
suggested or demonstrated in different experimental 
conditions. Non-endocytic processes (e.g. potocytosis) 
have been also proposed [32,45-47]. The identification 
of receptors for ODNs and their role in RME remain to 
be elucidated. A number of cell surface 'receptor-like' 
proteins, yet to be characterised, have been associated 
with the 'internalisation of AS ODNs [39,40,45]; the 
results are sometimes conflicting and seem to be affected 
by the type of cells and experimental conditions. It was 
also shown [46] that the cellular uptake, intracellular 
trafficking, and activity of AS ODNs were related to the 
phases of the cell cycle, while the ingestion mechanism 
was apparently not influenced. According to some 
authors, two aspects of the internalisation of ODNs 
should be distinguished [48]: cellular uptake as such and 
release into the cytoplasm (or nucleus). Cellular uptake 
refers to binding of ODNs to the plasma membrane and 
their general ingestion by the cell. Release into the 
cytoplasm refers to the amount of ODNs that actually 
reach a compartment where they can be pharmacologi- 
cally active. 

After entering the cell, ODNs accumulate in endo- 
somes and lysosomes. In lysosomes, their predictable 
fate is degradation. However, a fraction of ODNs 
escapes from endosomes into cytoplasm by mechanisms 
not completely understood. This efflux may take place 
through simple diffusion (unlikely), by transient desta- 
bilisation of endosomal membrane mediated by certain 
membrane proteins, or by leakage during a fusion event 
between two vesicles [39], Regardless, it is to be assumed 
that the observed biological activity is due to those small 
amounts of AS ODNs that managed to escape from 
endosomes. Some of the released ODNs may be then 
transported to the nucleus and eventually enter the 
nucleus where they may interact with nuclear DNA and 
RNA species. This scenario is probably more complex 
than it appears and certainly raises additional problems. 
Pharmacologically, the endosomal sequestration of 



ODNs is a nonproductive detour, while lysosomal 
degradation is a dead end. Facilitation of endosomal 
escape was consequently an important aim of various 
stratagems to improve the efficacy of AS ODNs. The 
endosomal compartmentalisation can be completely 
bypassed by injecting ODNs directly into cytosol 
(microinjection), which leads to their rapid accumula- 
tion in the nucleus [29,45]. (For this reason, microinjec- 
tion experiments are of little significance for the study of 
compartmentalisation of the ODNs internalised by 
endocytosis.) The penetration into the nucleus can take 
place through passive diffusion through nuclear pores or 
through active signal-mediated diffusion [29,32]. The 
former pathway is not possible for macromolecules 
exceeding 60kDa in molecular weight, in which case the 
contribution of nuclear localisation signal molecules is 
necessary. As the AS ODNs seldom exceed 9 kDa, their 
nuclear uptake through the pores is unlikely to be 
obstructed. Although the intracellular fate of ODNs 
seems to favour a nuclear localisation, there is evidence 
that they are distributed both in the nucleus and in the 
cytosol [39,40]. The conflicting results regarding the 
preferential distribution may rather come from the 
large variation of the experimental conditions and 
from the notoriously poor reproducibility of antisense 
experiments. 



4. Delivery of AS ODNs: the current status 

There have been many strategies developed for the 
enhancement of rate and/or selectivity of cellular 
internalisation of AS ODNs. In an attempt to make 
more intelligible the vast literature currently available 
on this topic, a recent review [48] classifies the delivery 
strategies into two groups. The first group concerns the 
cellular uptake process and includes systems able to 
promote the binding of ODNs to the plasma membrane 
by either protecting them from degradation or by 
enhancing their interaction with the membrane. Such 
systems include conjugation of various compounds (e.g. 
cholesterol) to ODNs, complexation of ODNs with 
cationic compounds (e.g. cationic polymers), encapsula- 
tion of ODNs (e.g. within liposomes, cvclodextrins), and 
labeling targets (e.g. intercalating agents, ligands for 
cell-surface receptors) to ODNs. The second group 
concerns the entry into the cytoplasm (or nucleus) and 
includes systems able to facilitate the escape from 
endosomes, such as cytoplasmic transfer techniques 
(e.g. microinjection, eleclroporation) or endosomal 
membrane destabilising agents (e.g. viral peptides, 
fusogenic agents). The strategies are used alone or in 
combination, and every system has its own advantages 
and drawbacks. Only a brief overview of strategies that 
do not involve synthetic polymers is presented below. 
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Administration of naked AS ODNs by infusion or 
injection in various parts of the body is still the prefer- 
red method in vivo, however it requires multiple 
doses. Experiments in animals showed that nondama- 
ging administration routes (nasally, orally, dermal 
patches, eye drops) are much less efficient [44], The 
AS ODNs can be delivered as naked molecules by 
microinjection into the cytoplasm or nucleus [49-53]. 
Technically, this is a very complex procedure, mainly 
achievable in cell cultures, and is associated with 
poor reproducibility and unsatisfactory error range. 
Electroporation, an electrophoresis-mediated technique, 
was thought to be feasible only for cell lines in culture 
and also may induce damage to cells. Although the use 
of electroporation has been recently re-advocated in 
gene therapy, there are only a few reports on its 
application to delivery of ODNs [52,54], Viral delivery 
systems have been used to a little extent in AS stra- 
tegy [55-58]. 

Encapsulation or incorporation in liposomes is 
currently the preferred method for the delivery of AS 
ODNs [21,29,32.41, 45,59-69] and, besides the intrave- 
nous infusion and subcutaneous, intramuscular or 
intraocular injection of naked ODNs, probably the only 
other method used in human clinical trials. (Ultimately, 
the suspensions of liposomes are also administered by 
infusion or injection.) Liposomes are microscopic closed 
vesicles varying between 20 nm and 4um in diameter 
and consisting of unilamellar or multilamellar phospho- 
lipid membranes that surround aqueous spaces where 
ODNs can be entrapped. Enhancement of cellular 
uptake of AS ODNs and, in some cases, of antisense 
effects has been reported with a large variety of 
liposomal carrier systems including anionic liposomes, 
pH-sensilive liposomes, immunoliposomes (i.e. contain- 
ing antibodies directed at specific cell-surface receptors), 
fusogenic liposomes (i.e. able to merge with the cellular 
or endosomal membranes), and cationic liposomes. By 
far. the cationic lipids are the most frequently used in 
AS strategies, to the extent that some preparations are 
now available commercially (e.g. Cytofectin^ and 
Lipofectin^ products), as they appear to be active 
permeabilisation agents and destabilisers of the endo- 
somal membrane. When using cationic lipids, the 
encapsulation is not a necessary step, as they easily 
form complexes with ODNs. In spite of their popularity, 
it is perceived that the liposomes have not been 
investigated sufficiently as carriers for AS ODNs. Also, 
there are some limitations on their use. For instance, the 
basic tendency of cationic liposomes is to accumulate in 
the reticuloendothelial system [70], leading to a short life 
in the serum and reduced access to other tissues. 
Generally, the size of the liposomes of practical 
importance is too large and their surface charge density 
is too high. Finally, some types of liposomes display 
poor encapsulation efficiency. There is no wonder that 



the search for other carriers has ever continued, one of 
the results being the association of AS ODNs with 
synthetic polymer carriers, the topic of our present 
article. 

There is, however, some skepticism about the need for 
delivery systems for AS ODNs [15]. Most permeabilisa- 
tion adjuvants employed in delivery systems interact 
with the plasma membrane, which is the very reason 
why ihey are used in this capacity. Consequently, the 
receptors, signaling processes, and then other functions 
of the cell may be seriously affected. This aspect has not 
been properly investigated. Other important questions 
also arise. Since the AS ODNs can be delivered without 
any carrier and they still can display AS activity, is there 
any need to bother with developing delivery systems? In 
reply, there are many reports indicating enhanced 
therapeutic effects of AS ODNs when they are delivered 
in association with an adjuvant. Another issue is that the 
association of AS ODNs with carriers will increase the 
size and complexity of the particles to be delivered, thus 
limiting their access to certain targets or even contribut- 
ing to their degradation. In reply, we can cite some 
of the reasons why delivery systems are employed in 
the first place, i.e. increased cellular uptake, prote- 
ction against degradation, and improved specificity. 
Nevertheless, debate is still open about the large size 
of ODN/carrier pharmacophores and toxicity of 
carriers. 

The improvement of delivery systems for AS ODNs 
must be therefore an ongoing challenge for those 
involved in AS strategy research. One reason is the 
recognition of the fact that the way in which AS ODNs 
are delivered has dramatic consequences on their fate, as 
demonstrated in vitro by Wagner et al. [71-73] in a series 
of elegant experiments. They found that naked AS 
ODNs incubated with cells in culture were accumulated 
in cytoplasmic vesicles (likely endosomes and lyso- 
somes), but not in the nucleus. When the ODNs were 
microinjected directly into the cytoplasm, all cells 
showed nuclear localisation of ODNs. When delivery 
to the cell cultures took place via cationic liposomes, 
90% of cells showed nuclear localisation of ODNs. 
Another reason, probably the most important albeit 
seldom acknowledged, is the need for a sustained 
delivery in vivo. Many studies indicate that although 
ODNs can gain access to the target tissue in vivo, they 
are eliminated rapidly and repeated administration is 
required to achieve therapeutic effects [9]. It should be 
also considered that biological activity of an AS ODN 
needs to be maintained for additional periods of time to 
allow for the decay of the preexisting levels of the 
disease-related protein. The in vivo delivery techniques 
chiefly used at the present, i.e. infusion or injection 
of naked molecules and liposomal systems, do not 
assure adequately long-term maintenance of ODNs in 
tissues. 
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5. Synthetic polymers as carriers for delivery of AS 
ODNs 

A detailed overview of the polymer carriers used in 
AS strategy is attempted in this section. In most of the 
experiments to be discussed here, phosphorothioate and 
phosphodiester ODNs were employed as antisense 
agents, with a preference for the former due to their 
enhanced resistance to enzymatic attack. The nature of 
AS ODNs plays, however, a less significant role in the 
choice and performance of the carrier. Unless relevant 
to other issues, the phosphorothioate or phosphodiester 
nature of the AS ODNs was not specified in our 
exposition. 

5.7. Cat ionic polymers 

Since the cellular membrane is negatively charged, it 
was the cationic polymers that have received the most 
attention as potential carriers for AS ODNs. The 
coulombic forces governing the interaction between 
plasma membrane and polycations are so strong that the 
influence of other properties of the polymers (e.g. 
hydrophilicity) is drastically diminished. Indeed, a 
variety of cationic polymers were able to promote the 
internalisatiou of AS ODNs in some cell types, as will be 
described further. However, the cationic polymers do 
not constitute the ideal solution. Some cell lines do not 
take up the ODN-polymer conjugates for reasons yet to 
be elucidated. There are also serious concerns about the 
cytotoxicity of positively charged polymers. Cationic 
carriers must contain enough charge to neutralise the 
ODNs and also to provide sufficient residual charge for 
interaction with the membrane of cells. It is, never- 
theless, difficult to ascertain how much residual charge is 
enough, and even more difficult to adjust it to levels that 
will not render the carrier-ODN conjugate cytotoxic. 
On the other hand, in conditions of contact with serum, 
the positive charge of the carrier might be never enough 
to counterbalance the negatively charged serum compo- 
nents. The internalisatiou of conjugates can be prohib- 
ited in such cases, as firstly demonstrated with a cationic 
liposome plasmid DNA conjugate [74]. 

5.7.7. Synthetic peptides 

The interaction of nucleic acids with basic polyelec- 
trolytes is a process that has been known for a long time. 
In 1946. Kleczkowski showed [75] that the conjugation 
of proteins with nucleic acids is a general phenomenon 
that takes place whenever the pH allows them to be of 
opposite charges, and also suggested that the interaction 
of proteins with viral nucleoproteins may be responsible 
for reducing the infectivity of some viruses. At about the 
same time, other investigators found that the growth of 
Bacillus anihracis was inhibited by a fraction of the calf 
thymus [76], as well as by a detergent (a benzylalkyl- 



ammonium chloride) and by a protein, histone [77]. 
Both histone and thymus fractions are polypeptides with 
a high content in the amino acid L-lysine. In further 
studies, polylysine (PL, Fig. 4) and, to a lesser extent, 
copolymers lysine - valine were sho wn to induce the 
agglutination of avian erythrocytes [78], to reduce the 
infectivity of type A influenza virus [79] and of tobacco 
mosaic virus [80.81], and to induce the agglutination of 
bacterial cells [82]. Electrostatic binding of the cationic 
polypeptides to the surface of cells or viruses was 
suggested as the responsible mechanism. These findings 
were later confirmed [83] for a greater range of 
polypeptides and bacteria. As the neutral or anionic 
peptides did not show any effect, it was also suggested 
[83] that the effect of cationic peptides may be due to a 
more complex mechanism that includes the destabilisa- 
tion of cellular membrane and penetration of polymers 
into the cell, the interaction between nucleic acids and 
polymers, or the blockage of some enzymatic processes. 
The effects of variously charged peptides on the 
agglutination of human erythrocytes were attributed to 
the same mechanism [84,85]. 

An early application of polycations was the develop- 
ment of a standard procedure for assaying infectious 
viral nucleic acids, based on the observation that 
cationic polyelectrolytes such as PL, polyornithine 
(POR, Fig. 4), or diethylaminoethyl dextran, enhance 
substantially the infectivity of poliovirus single- and 
multi-stranded RNAs by promoting their adsorption by 
cells [86 89]. Peptide-induced enhancement of viral 
activity, noticed in other viruses too [90], was regarded 
as a result of the polycations acting as permeabilisation 
agents. The enhancement by cationic polyelectrolytes of 
polynucleotide-induced interferon production was ex- 
plained by the same mechanism [91 93]. Another 
application of cationic polypeptides (PL, POR, poly- 
arginine) included their use as model compounds in the 
investigation of interaction between nucleic acids and 
histone species, which plays an important role in the 
regulation of genetic process. These studies [94 -99] 
suggested that the binding reaction is more than a 
simple electrostatic neutralisation, involving steric se- 
lectivity and inducing stabilisation of DNA. 

As expected, these findings eventually triggered the 
use of cationic polypeptides as carriers for transporta- 
tion of bioactive agents. In 1965, Rysers group at the 
Harvard Medical School found that the uptake of 
radiolabeled serum albumin by sarcoma-180 cell cul- 
tures is significantly enhanced by the presence of 
proteins rich in lysine or of synthetic peptides obtained 
from lysine (l, d or ld), L-ornithine, or L-histidine 
[J 00]. They concluded that the process must be more 
than a simple result of electrostatic interaction and 
suggested polycati on-induced changes in the structure of 
cellular membrane, as surmised previously by others 
[85]. Subsequent investigations [101,102] indicated that 
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individual amino acids or diamines do not have 
promoting effects, and that the effect of polypeptides is 
related to their molecular weight and to the distance 
between amino groups in their molecule, from which it 
was concluded that their attachment to the cellular 
membrane must take place through multiple centres. Tn 
later studies [103 -105], Rysers group advocated the 
covalent binding of carrier polypeptides to the bioactive 
agent. The cellular uptake of a drug (methotrexate) was 
considerably enhanced by binding it to poly(L-lysine) 
(PLL), and the drug was released into the cell in a 
pharmacologically active form [104]. Its potency was 
further increased by complexation of the drug -PLL 
conjugate with heparin, which was believed to facilitate 
the endosomal escape [105]. 

Although seldom acknowledged, the first study of the 
effect of PLL on the cellular uptake of polynucleotides 
has to be credited to Schell [106], who demonstrated that 
both pre treatment of cells with PLL and complexation 
of the polynucleotides with PLL enhanced the uptake of 
radiolabeled synthetic polyhomoribonucleotides by 
Ehrlich ascites tumour cells. The mechanisms suggested 
were based on the interaction between PLL and cellular 
membrane or on the formation of polynucleotide -PLL 
complexes with a high affinity for the cellular mem- 
brane. It was. however, more than a decade later that 
PLL was eventually considered as a potential carrier for 
AS ODNs delivery, mainly due to the pioneering work 
of Lebleu's group at the University of Montpeliier 
(France), who demonstrated the efficiency of PLL ODN 
covalent conjugates in several in vitro biological models. 
Initially, a dose-dependent inhibition of virus growth 
was observed when conjugates of PLL and 2' - 5' 
oligoadenylates (mediators of antiviral activity of 
interferons) were administered to L1210 or L929 cell 
cultures infected with various viruses (vesicular stoma- 
titis, vaccinia, etc.) [107,108]. As cells do not take free 
oligoadenylates, this was a clear demonstration of PLL 
efficiency as a permeabilisation agent. Subsequently, the 
same group showed that AS ODNs complementary to 
certain regions of the vesicular stomatitis virus nucleo- 
capsid protein mRNA were much more active in cell 
cultures when conjugated to PLL (10 -50 times relative 
to free ODNs) [109-112], providing a sequence-specific 
and dose-dependent antiviral activity. However, it was 
also noticed that PLL is cytotoxic in high doses or 
ineffective in some cell lines. By using fluorescein-labeled 
ODNs, these investigators demonstrated that the uptake 
of conjugates is both accelerated and enhanced as 
compared to the unconjugated ODNs. As a mechanism, 
it was suggested that the conjugates are taken up by cells 
by nonspecific adsorptive endocylosis. and the AS 
ODNs are then released through the enzymatic degra- 
dation of the lysine moiety after the conjugates were 
sequestered within acidic cytoplasmic compartments. In 
summarising their results [29,41], the authors recom- 



mended the use of PLL in order to assure an efficient 
delivery of AS ODNs. PLL ODN conjugates were also 
used to protect infected human MT4 cell lines from the 
pathologic effects of human immunodeficiency virus 
type 1 (HIV-1), by significantly reducing the production 
of viral proteins [113]. In other studies, die effect of 
PLL -ODN conjugates was farther enhanced by com- 
plexation with a polyanion (heparin) [29,114], and some 
tentative explanations were advanced (reduction of PLL 
cytotoxicity, modification of the ODN release from 
conjugate, and/or interference of heparin with virus 
multiplication). The use of PLL in AS strategy, partially 
reviewed in a number of articles [9,29,32.41,48,115], is 
still advocated, and a large range of synthetic PLL 
products (3 - -60 kDa) are available commercially. 

Other synthetic peptides were also investigated as 
carriers. Covalent conjugates of POR with AS ODNs 
were evaluated in a cell-free in vitro system by 
estimating their capacity to stimulate RNase H activity 
and the effect on the translation of complementary 
radiolabeled mRNA [116]. Both tests showed enhance- 
ment of the activity of POR ODN conjugates as 
compared to unconjugated ODNs. Recently, a copoly- 
mer of lysine with serine, modified with poly(ethylene 
glycol), was used as a carrier for AS ODNs targeted 
against c- raf protein mRNA in pancreatic cancer cells 
in vitro [117]. The antiproliferative effect of the 
none ova lent complexes was evident, while the free AS 
ODNs had no such effect. 

Target- labeling strategies using PLL were developed 
independently at the same time when PLL was proposed 
as a carrier. Targeting agents are tissue-specific ligands 
that are linked to PLL and are able to interact 
specifically with receptors on the target cells. Wu's 
group at the University of Connecticut was the first to 
develop a glycoprotein ligand (asialoglycoprotein) cova- 
lently coupled to PLL, resulting in conjugates able to 
function as carriers for delivery of DNA [1 18,119] or AS 
ODNs [120] to hepatoma cells in vitro and in vivo. Not 
only were the soluble ODN (or DNA)-PLL - asialoglyco- 
protein conjugates effective in delivering the ODNs or 
DNA specifically to target cells, but their resistance to 
nuclease degradation was also enhanced substantially 
[121]. Although other investigators [122 124] confirmed 
the efficacy of PLL •glycoprotein conjugates, more 
recent research suggested that the direct covalent 
binding of asialoglycoprotein to ODNs, which excludes 
the use of PLL, might provide a more efficient delivery 
system [125]. Other PLL-ligand systems are currently 
investigated for delivery of AS ODNs [32,48]. 

In another approach, noncovalent PLL-ODN com- 
plexes were incorporated by diffusion into alginate 
nanoparticles [126]. This system provided protection 
against nuclease degradation and also delivered effi- 
ciently into animal organs an AS ODN targeted to the 
mRNA of a retrovirus protein. PLL is also an essential 
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component of the so-called 'terplex system' developed 
for the delivery of DNA and AS ODNs [127,128]. The 
system is based on a balanced hydrophobicity and net 
surface charge between A'-stearyl PLL, a lipoprotein and 
DNA (or ODN). When delivered in vitro by this system, 
a c-myb AS ODN (18 mer) showed distinctive anti- 
proliferative effects in cultured smooth muscle cells and 
human lung fibroblasts. 

Unlike PLL and other homopoly(amino acids), which 
are mainly employed because of their electropositive 
charge, the design and use of some heteropeptides was 
prompted by their translocation properties, i.e. the 
ability to destabilise the endosomal membrane and thus 
facilitate the release of ODN molecules into the 
cytoplasm before their degradation prevails [48]. These 
'fusogenic' peptides perform the task through confor- 
mational changes induced by the increase of acidity that 
follows the cytoplasmic compartmentalisation. Most of 
such peptides were designed and synthesised using as a 
model the hemagglutinin envelop protein of the 
influenza virus [48,1 29. 1 30], and the biological activity 
of their covalent conjugates with AS ODNs has been 
demonstrated in vitro in various cell lines. Another 
peptide that proved to be an effective permeabilisation 
agent was designed to contain a hydrophobic domain 
like in the fusion sequence of an HIV protein and a 
hydrophilic domain like in the nuclear localisation 
sequence of a T-antigen [131]. While the fusogenic 
peptides have the advantage of following a natural 
pathway for entering the cytoplasm, they are too 
expensive to produce and can also cause immunogenic 
reaction. The results of a recent study [132] provide an 
even more pessimistic prospect. Eighteen fusogenic 
peptides containing membrane translocation and nucle- 
ar localisation structural motifs were covalently bound 
to AS ODNs complementary to the initiation codon 
region of firefly luciferase mRNA and administered to a 
stable cell line in culture (CHO-AA8-Luc) expressing 
luciferase activity. None of the conjugates were able to 
inhibit significantly the luciferase expression, while a 
formulation based on liposomes (Cytofectin op ) induced 
the expected inhibition. Studies by confocal fluorescein 
microscopy showed that the conjugates were entrapped 
in endosomes, and the authors concluded that addi- 
tional structural motives in the fusogenic peptides are 
necessary to enable them to escape from endosomes. 

In an attempt to rationalise the use of polycations as 
carriers for nucleic acids, Kabanov et al. [133,134] 
extended the use of the term 'interpolyelectrolyle 
complex* (1PEC) to define the water-soluble product of 
the spontaneous assembling of DNA and a polycation 
upon mixing. In IPECs, the DNA molecules change 
their conformation becoming more compact, hence 
more resistant to nuclease attack. The polycationic 
component can release some DNA chains during 
competitive interaction with elements of the cellular 



membrane. A considerable range of polycations were 
tentatively used for delivery of DNA in gene therapy, 
including PLL and derivatives, poly(4-vinylpyridinium) 
salts, polyamidoamine dendrimers, polyethyleneimine, 
polymers of 2-alkylaminoethyl methacryiates, diethyla- 
minoethyl dextran, and 'oligocations' such as spermi- 
dine derivatives. As shown in this article, only some of 
these polymers have been used so far in the AS strategy. 

5.7.2. Dendritic polyamidoamines 

The dendrimers are highly branched polymers with a 
globular architecture. Polyamidoamine (PAMAM) den- 
drimers (Fig. 4) can be synthesised with a well-defined 
diameter and a precise number of terminal amino 
groups at each branching level 0 generation'). Haensler 
and Szoka Jr [135] were the first to investigate their use 
as carriers for DNA in gene therapy. Subsequent studies 
[136 -138] demonstrated that PAMAM DNA com- 
plexes were able to mediate an efficient transfer of 
plasmid DNA into various cell types in vitro. So far, 
PAMAM dendrimers have been applied to a little extent 
as carriers for AS ODNs. In such a study [139], a 27-mer 
AS ODN complementary to the ATG region of pCMV 
luciferase plasmid inhibited luciferase expression when 
delivered as a complex with a PAMAM dendrimer to 
D5 mouse melanoma cells and Rat2 embryonic fibro- 
blasts, while the AS ODN alone had a negligible effect. 
A generation 7 ethylenediamine-core dendrimer (512 
surface amino groups. MW 90kDa) was the most 
efficient carrier when complexed at 1 : 10 charge ratio 
(ODN to dendrimer). Tn another study [140], the uptake 
of a fluorescein-labeled phosphorothioate ODN by 
human astrocytoma cells was enhanced 50-fold by 
complexation with a generation 3 dendrimer at 1 : 20 
charge ratio. The ODN was distributed both in 
cytoplasm and in nuclei. 

5.7. J. Polyethyleneimine 

Polyethyleneimine (PE1, Fig. 4) is produced by the 
acid-catalysed polymerisation of aziridine, involving 
propagation through cyclic immonium cations. Due to 
end-group reactions and to the high reactivity of the 
intermediate immonium species, the resulting polymer is 
usually branched. PEI is very soluble in water and has a 
high capacity to charge electropositively, as every third 
atom is ionisable nitrogen. PET was proposed as a 
carrier for both AS ODNs and plasmid DNA in the 
same study [141]. A rhodamine-labeled AS ODN 
targeted at the translation region of the chicken 
oc-thyroid hormone receptor was successfully delivered 
to embryonic chicken hypothalamic neurons as a 
complex with PEL while the uptake of the free ODN 
could not be detected. Interestingly, the ingested ODN 
was almost entirely localised into cell nuclei. Since then, 
PEI has been episodically evaluated as a carrier for 
plasmid DNA into various cell types and experimental 
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animals, but there was little reported on its use for the 
delivery of AS ODNs. It was shown [142] that 
complexation with PEI improved both the uptake and 
the biological activity of phosphodiester AS ODNs 
targeted to different regions of Ha-ray mRN A and to the 
3'-untranslated region of C-raf kinase, when evaluated 
in cultures of human bladder carcinoma T24 cells. On 
the contrary, their liposomal delivery (Lipofectin ;il; ) did 
not elicit antisense activity probably because of nuclease 
degradation. However the complexes of PEI with 
phosphorothioate AS ODNs were so stable that they 
were taken up by the cells without releasing the ODNs, 
which therefore were not able to hybridise and show 
antisense activity. 

A recent report on the fate of PEI/DNA complexes in 
cells is of a general relevance to the use as carriers not 
only of PEI but, perhaps, of all cationic polymers. In 
carefully conducted experiments, Mikos et al. [143] 
followed the path of .fiuorescein-labeled PEI and PET/ 
DNA complexes when delivered to cultured EA.hy 926 
ceils, a line of mixed human immortalised cells. Using 
confocal microscopy, they found that both complexes 
and polymer particles attach to cells and are ingested by 
endocytosis as "clumps'. The cytoplasmic vesicles grew 
in number and size and some of them underwent 
disruption and released their contents. But the most 
significant finding was that PEI particles, either deliv- 
ered as part of complexes with DNA or alone, were 
eventually localised into nuclei as ordered structures. 
This suggests the possibility that PEI or other cationic 
polymers may interfere adversely with host genes, 
raising serious concerns about their use in human 
therapies. 

5.1.4. Cationic block copolymers 

Cationic block copolymers have been developed as 
carriers for DNA or AS ODNs by Kabanov et al. 
[144,145] from polyspermine (PS) and poly(elhylene 
oxide) (PEO), and by Kataoka et al. [146] from PLL and 
PEO. Conceptually, these amphiphilic polymers (con- 
sisting of a hydrophilic PEO shield surrounding a 
hydro phobic poly cat ionic core) are able to form micellar 
structures with DNA or ODNs, which were termed 
'block ionomer complexes' [145] or 'polyion complex 
micelles' [146]. The synthesis of such block copolymers 
is quite difficult and, as it is usually accompanied by a 
high polydispersion of the molecular weights, their 
purification is extremely laborious. In addition, their 
complexation with AS ODNs is a difficult problem 
because of the large difference between the size of the 
two macromolecules [145]. These drawbacks likely 
prevented a more extended use of the cationic block 
copolymers as carriers for AS ODNs. Nevertheless, 
some studies clearly indicated their efficiency. For 
instance, a PS PEO block copolymer was used to 
deliver an AS ODN complementary to the splice 



junction of herpes virus type 1 early pre-mRNAs 4 
and 5, to infected Vero cells in culture [144]. The 
inhibition of virus reproduction was markedly increased 
as compared to that induced by the free AS ODN. It was 
demonstrated [147] that both PS PEO and PET PEO 
block copolymers form easily water-soluble complexes 
with a 24-mer AS ODN and increase its resistance to 
nuclease degradation. In another study [148], the 
delivery of AS ODNs, targeted at the suppression of 
amphiphysin I, as complexes with PS-PEO block 
copolymers was significantly successful in cultures of 
hippocampal neurons. In a recent study [149], PS-PEO 
block copolymers were used to deliver an AS ODN 
targeted to the fibronectin mRNA into the vitreous 
cavity of rat eyes, where downregulation of fibronectin 
expression was achieved successfully. 

5.1.5. Polymers with induced surface charge 

In some neutral polymers positive surface charges 
were induced deliberately in order to render them 
carriers for AS ODNs, based on the principle that 
cationic polymers will perform better due to the negative 
charge of the cell membrane. Positive charges were 
generated in polystyrene nanoparticles by performing 
the emulsion polymerisation in the presence of cationic 
initiators, such a s 2,2'-azo-bis-(2-amidino pro pane) di- 
hydrochloride or 2,2 / -azo-bis-[2-(2-imidazoline-2-yl)pro- 
pane] dihydrochloride [150]. These nanoparticles were 
thoroughly characterised (size distribution, surface 
charge, colloidal stability, cytotoxicity, adsorption/ 
desorption of ODNs) and complexed with four different 
ODNs, It was observed that the resistance to nuclease 
degradation of the complexed ODNs increased signifi- 
cantly when compared to that of free ODNs. Although a 
total desorption of ODNs from the particles was 
achieved only by adding an ionic surfactant, the authors 
concluded that the cationic polystyrene nanoparticles 
could function as a suitable delivery system for ODNs. 
However, no in vitro or in vivo experiments were 
reported to date. 

Polycyanoacrylates (PCA, Fig. 4) are neutral poly- 
mers that, in the form of nanoparticles, have been made 
suitable to function as carriers for AS ODNs by 
generating positively charged entities on their surface 
which are able to mediate the electrostatic adsorption of 
AS ODNs by formation of ion pairs. Unlike the cationic 
polystyrene described above, the charges on the surface 
of PCAs are not part of the chemical structure of the 
polymer, as they are introduced in the system at the time 
of complexation with ODNs. These investigations were 
commenced by a group at the Centre National de la 
Recherche Scientifique in Paris, which provided most of 
the results currently available [151-156]. As mediators 
for ion-pair formation, hydrophobic cations such as 
quaternary ammonium salts or tetra phenyl phospho- 
mium chloride were proposed; in the majority of 
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ex periments, cet y i trimeth y lammoni urn br omid e was 
added to ODN prior to complexation to the polymer 
nanoparticles. it was also demonstrated that in the 
absence of such cations, only negligible amounts of 
ODNs are complexed to PCAs. Tt was suggested thai the 
ion-paring cationic agents bind to the polymer through 
hydrophobic interactions, while their ionic moieties bind 
electrostatically to ODN. The experiments showed that 
both the resistance to nuclease degradation and the 
intracellular concentration of AS ODNs were consider- 
ably enhanced by complexation via ion-pairing agents to 
PCAs. Systems employed so far include poly(isobutyl 
cyanoacrylate) [151,156] and poly(isohexyl cyanoacry- 
late) [151,152.154,155], and this group has achieved 
significant success in delivery of certain AS ODNs. For 
instance [152], complexes of AS ODNs targeted to a 
point mutation in codon 12 of the Ha-r^v mRNA 
inhibited the proliferation of cells expressing the 
mutated gene at concentrations 100 times lower than 
free ODNs, and inhibited tumour growth in mice after 
injection of oncogene-carrying cells. In another experi- 
ment [154], AS ODNs complementary to vesicular 
stomatitis virus nucleocapsid protein mRNA were 
ingested efficiently by human macrophage-like U937 
cells, and their stability was greatly improved by 
complexation. Since at high concentrations the ion- 
pairing agents can elicit cytotoxic reactions, an attempt 
has been made to remove them from the system by 
covalently modifying the ODNs with hydrophobic 
moieties, such as cholesterol [155]. Up to 60% of the 
covalent conjugates were adsorbed onto PCA nanopar- 
ticles in the absence of ion-pairing cations, however the 
modification of ODNs reduced their AS activity. In a 
recent study [157], transient positive charges were 
generated on the surface of poly(n-hexyl cyanoacrylate) 
nanoparticles by using diethylaminoethyl dextran as an 
emulsion stabiliser during polymerisation. A fluorescein- 
labeled AS ODN complementary to the splice junction 
of herpes virus type 1 pre-mRNA 4 was complexed to 
these nanoparticles and delivered to cultured Vero cells. 
While the free AS ODN was almost completely 
degraded in the culture medium, the adsorbed AS 
ODN remained intact, and its effective ingestion by the 
cells was demonstrated by laser scanning confocal 
microscopy and flow cytometry. 

5.2. Neutral polymers 

The use of neutral polymers came into existence likely 
because the cationic polymers did not prove to be the 
ideal carriers for AS ODNs delivery, due especially to 
their intrinsic cytotoxicity. There are no interactions 
between the electronegative cellular membrane and a 
neutral polymer that may facilitate some internalisation 
process of polymer-ODN conjugates. The neutral 
polymers are used for their ability to act as carrier 



systems which assure a sustained release in the long term 
of the ODN molecules, rather than for a role they may 
play in the process of cellular uptake, the latter being 
essentially reduced in this case to the problem of 
ingestion of free ODN molecules. However, neutral 
polymers and their conjugates with ODNs can be, in 
principle, ingested by cells through a pinocytic process. 
Whether the physical or chemical bond between ODN 
and polymer is cleaved before or after ingestion of 
conjugates is an issue little investigated. 

5.2.1. Synthetic hydrogels 

The synthetic hydrogels are the epitome of soft 
polymeric biomaterials, which cause insignificant da- 
mage to the soft tissue. However, there are very few 
applications in the delivery of AS ODNs. A class of gels, 
known by the trade names of Pluronic* or Poloxamer^, 
has attracted the attention of some investigators due to 
their reversible thermal gelation properties. These water- 
soluble materials are uncrosslinked block copolymers of 
polyethylene oxide) and poly(propylene oxide) (Fig. 4), 
which for particular compositions and block sequences 
acquire the unusual property of being liquid at ambient 
or low temperatures while becoming gels at the 
physiological temperature of the living tissues. Such a 
block copolymer, supplied as F-127 by BASF Corpora- 
tion, was the subject of two reports regarding its use as a 
carrier for AS ODNs. In a study of AS treatment of 
vasculoproliferative disease [158], AS ODNs targeted to 
c-mvc and c-myb mRNAs were incorporated in a 
solution of Pluronic 40 F-127 and then administered to 
cultured vascular smooth muscle cells or surgically 
inserted around denuded carotid artery of rats. While 
the delivery system assured an efficient in vitro cellular 
uptake of the ODNs and reduced cellular proliferation, 
the inhibition in vivo of hyperplasia was not effective. 
Since another system offering prolonged delivery of the 
ODNs was efficient in vivo (see Section 5.2.5), il was 
concluded that the release duration from the gel was too 
short. In an attempt to improve the liposomal delivery 
of AS ODNs to the vitreous body of the eye, Couvreur 
et al. [159] dispersed liposomes in a mixture of ODN and 
aqueous solutions of copolymer F-127, the latter being 
chosen on the presumption that it will form a gel at the 
temperature in the eye. Only the influence of the 
copolymer concentration on the release profile of a 
radiolabeled model ODN (oligothymidylale, pdT16) in 
a cell-free in vitro setting was investigated in this study. 
It was found that the release of liposomes content could 
be controlled by varying the concentration of Pluronic 1 -' 
in the medium. However, this concentration eventually 
dropped, as the copolymer is soluble in water. Indeed, 
the solubility in water seems to be the major drawback 
of this class of polymers as carriers for ODNs. 
Ultimately, the carrier will be dispersed into the 
surrounding physiological medium at a rate that is too 
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high for a proper sustained release, while it is unlikely 
that its presence affects the mechanism of ODN 
ingestion. 

The crosslinked hydrogels, able to absorb large 
amounts of water while not dissolving, also attracted 
attention as possible carriers for ODNs. Aiming at 
producing artificial vitreous substitutes, a group at 
Lions Eye Institute (Western Australia) has developed 
crosslinked hydrogels by homopolymerisation of 1- 
vinyl-2-pyrrolidinone (VP) or its copolymerisation with 
2-hydroxyethyl methacrylate (H'EMA) [160--165]. These 
materials, which displayed viscoelastic behaviour and 
could be injected through needles of common sizes, 
proved not only to lack cytotoxicity [166] but they also 
showed serum-like growth promoting effect on an 
anchorage-dependent cell line (3T3 mouse fibroblasts) 
in static cultures [167]. It was hypothesised that the 
latter is due to the physical protection of cells by 
hydrogels and to the ability of hydrogels to mimic the 
extracellular matrix. As physical protection may involve 
the interaction between polymer and cell membrane in a 
way that is not harmful to the cell, it is conceivable thai 
the hydrogel particles can come very close to cells and 
even contact their membrane without destabilising it or 
affecting the cell functions. On this background, the 
group designed a crosslinked copolymer of VP with 
HEM A (5%), which was covalently bound to an AS 
ODN targeted to the human rhod opsin gene coding for 
a mutation at amino acid 351 of the protein [168]. The 
conjugate was subjected to cell-free in vitro release 
experiments over 46 days in the presence of natural 
bovine vitreous humour. Compared to the control (no 
enzyme present), a significant amount of ODN was 
released from the hydrogeJ-ODN conjugate. A possible 
explanation is that the presence of the enzymes 
contained in the natural vitreous humour may cleave 
the covalent bond and induce the release of the ODN. 
Being a directly injectable gel, this system is attractive 
for intravitreal delivery of AS ODNs. and further 
investigations are in progress. 

5.2.2. Biodegradable lactoiw-based polymers 

The polyesters produced from cyclic monomers 
containing lactone structural moieties have a long 
history of use as biodegradable biomateriais. This class 
mainly includes polyesters made by polycondensation of 
L-lactide, glycolide, caprolactone, dioxanone, cyclic 
carbonates and their derivatives. Polylaclide and poly- 
glycolide, respectively known also as poly(laclic acid) 
(PLA) and poly(glycolic acid) (PGA), are the most 
investigated biodegradable polymers, which also found 
applications as carriers for AS ODNs. Akhtar s group at 
the Aston University in Birmingham (UK) were the first 
to propose PLA (Fig. 4) for this purpose [169]. Radio- 
labeled AS ODNs, targeted to the splicing region of tot 
gene in HIV mRNA or to the AUG initiation codon of 



human c-myc oncogene exon 2, were incorporated 
within chloroform-cast films of PLA, and the release 
profile was monitored over 28 days in cell-free serum or 
buffer media. The release data corresponded kinetically 
to the case of diffusion from monolithic devices, and 
included an initial burst release. The PLA-entrapped 
ODNs were resistant to degradation by serum nucleases, 
while the free ODNs were rapidly degraded in serum. 
The same group developed P(LA-o>-GA) microspheres 
(1-2 or 10-20 um in size) and evaluated them in vitro 
[170]. The AS ODNs employed in the preceding study 
were incorporated in microspheres by a double-emul- 
sion solvent evaporation method and their release 
profile was studied in buffer media. Microspheres 
containing radiolabeled AS ODNs were also adminis- 
tered to cultures of mouse macrophage cells (RAW 
264.7 line). It was found that the cellular uptake was 
enhanced and a diffuse intracellular and intranuclear 
distribution of ODNs occurred when delivered through 
microspheres. The release duration from larger micro- 
spheres was much longer than that from the smaller 
ones. Further investigations in vitro [171] with a series of 
AS ODNs showed great advantages of the P(LA-eo- 
GA) microspheres regarding the release characteristics 
and the enhancement of resistance to nuclease attack. 
The efficiency of this system was independently con- 
firmed [172] when used to deliver an AS ODN comple- 
mentary to the translation initiation start region of the rat 
tenascin mRNA. which led to the inhibition of prolifera- 
tion and migration of vascular muscle cells in culture. 
Other investigators used cylindrical implants of P(LA-co- 
GA) in an attempt to improve the delivery of AS ODNs 
into the vitreous humour of the eye [173]. An AS ODN 
complementary to the translation initiation codon region 
of herpes simplex virus mRNA was incorporated into 
cylinders of P(LA-co-GA) by heating in an appropriate 
mould. Each implant contained about 0.5 mg of ODN. 
The release was studied both in buffer media and by 
incubation in bovine vitreous fluid (double-filtered 
natural humour), it was determined that the molecular 
weight of the polymer did not affect the duration of 
release. The amount of ODN released in the vitreous fluid 
was lower than in the buffer solutions, presumably due to 
the enzymatic degradation of the ODN. 

5.2.3. Poly (ethylene glycol) 

Polyethylene glycol) (PEG) is the term used for the 
polyoxyethylene polymers with low molecular weight, 
while the term polyethylene oxide) is preferred to 
designate polyoxyethylenes with high molecular weight. 
As this convention is rather obscure and generally 
overlooked, the acronym PEG will be used throughout 
this section regardless of molecular weight. 

PEGs constitute a class of water-soluble polymers 
with many applications. When crosslinked, PEGs 
behave like typical hydrogels, a form in which they 
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DF.CI ARATION OF DR. ERIC LACASSE T TNDF/R ^C.F.R. S 1.132 
TRAVERSING GROUNDS OF RFJECTION 

Under 37 C.F.R..§ 1.132,1 declare: 

1. I am Senior Scientist and Head of the Department of Oncology at 
Aegera Therapeutics, Inc, and have published 16 papers relating to IAPs, cancer 
biology, and antiisense therapeutics. 

2. I have read the Office Action mailed on August 8, 2003. 

3. As disclosed in our specification, antisense oligonucleotides are 

designed using computer algorithms and screened in vitro to identify those that 
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effectively inhibit protein expression (pages 54-55). Antisense oligonucleotides 
that are selected fot efficacy in vitro are typically effective in vivo, as well Invivo 
screening is used to identify those antisense oligonucleotides having the greatest 
efficacy (pages 55 and 56). Such screening is merely routine. 

4. Antisense oligonucleotides are potent and Specific therapeutic molecules 
that share a common mecharn^m of 

by binding to a Complementary target mRNA. This binding inhibits protein 
production by interfering with the ribosome's ability to translate the mRNA, by 
interfering, with splicing, and/or by. inducing the degradation of the mRNA by 
RNAse H, an enzyme that recognizes and degrades mRNA/DNA hybrids. 
Regardless of the length of the antisense oligonucleotide, if it binds an accessible 
site on the target RNA in the cell, the antisense oligonucleotide will successfully 
inhibit protein production. 

5. The results shown in Exhibits A (Shankar et al., J. of Neurochem. 
79:426-436, 2001, hereafter "Shanks*), B (Kallio et al. FASEB J. express article, 
10.1096/fj.01-0280fj3, 2001, hereafter "Kallio"), and C (Fukuda et al. Blood 
100:2463-2471, 2002, hereafter "Fukuda"), previously of record, were carried out 
using methods available at the time applicants' priority document was filed. 
These references describe the use of antisense oligonucleotides of varying lengths 
to decrease the expression of . an inhibitor of apoptosis protein, i.e., human 



survivjn. 
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' 6. Snankar describes the use of phosphorothioate modified antisense 
oligonucleotides, 20 nucleotides in length, to downregulate expression of human, 
survivin expression and to induce apoptosis in neural tumor cells in culture. 

7. Kallio describes the use of phosphorothioate modified antisense ; . , 
Oligonucleotides, 18 nucleotides in length, to downregulate human survivin , 
expression in HeLa and PtKl cells in culture. The antisense oligonucleotides were 
conjugated to fluorescein isothipcyanate, which allowed them to be visualized by 

fluorescence microscopy. ■, 

8. Fukuda describes the use of a full-length, antisense survivin expression 
construct to modulate survivin expression in CD34 cells. 

9. In further support of the enablement of the claimed methods, provided 
herewith are U.S. Patent Nos. 5,9581771 ("the '771 patent") and 5,958,772 ("the 
'772 patent"), which were filed on December 3, 1998, and 6,087,173 ("the 4 173 
patent"), which was filed on September 9', 1 999, (Exhibits E, F, and G, 
respectively). As detailed below, each of these patents relates to the use of 
phosphorothioate modified antisense oligonucleotides to inhibit the expression of 
an IAP, and each of the cited examples was carried out using methods available at 
the time applicants' priority document was filed. 

10. The '771 patent describes the identification of twelve phosphorothioate 
modified 18-roer oligodeoxynucleotides that inhibited Cellular Inhibitor of 
Apoptosis-2 (cIAP-2) expression in cells in vitro (Table 1 and column 41, first 
paragraph). 
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11. The '772 patent describes the identification of six 18-mer 
phosphorothioate oligodeoxynucleotides that inhibited cIAP-1 expression in cells. 
in vitro (Table 1 and column 39, first paragraph). 

12. The '173 patent describes the identification of twenty-four 
phosphorothioate, modified 20-mer antisense bHgodeoxynucleotides that inhibited 
X1AP expression in cells in vitro (Table 1, and column 41, first paragraph). 

13. The examples cited below, and reviewed by Jansen, Exhibit D, which 
relate to the use of phosphorothioate modified antisense oligonucleotides to inhibit • 
protein production, were also carried out using methods available at the time 
applicants' priority document was filed. 

14. Jansen describes phase I trials, which were carried out in 1997, using 
an 18-mer phosphorothioate Bcl-2 antisense oligonucleotide (page 676, right 
column, first paragraph) to treat non-Hodgkin lymphoma. The 18-mer antisense 
oligonucleotide decreased BCL-2 protein levels in half of all patients that received 

it. ■ '■' ■. v 

15. In a 1996 study by Yazaki et al. (Mol Pharmacol 50-^36-42, 1996), 
which is also reviewed by Jansen, a 20-mer phosphorothioate Protein Kinase C 
antisense oligonucleotide was used to inhibit glioblastoma xenografts in mice 
(paragraph spanning page 677, right column, to page 678, left column). 

16. A clinical pilot study, carried out by Ratjczak and colleagues in 1992 is 
also reviewed in Jensen. In this study, a 24-mer phosphorothioate antisense 
oligonucleotide was used ex vivo to target the c-MYB proto-oncogene in bone- 
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marrow cells harvested from patients with chronic myelogenous leukemia (page 
679, right column, first paragraph). 

17. As further evidence of enablement, provided herewith are Exhibits H 
(Sugano et al, J. Biol. Chem. 271:19080-19083, 1996, hereafter "Sugano"), I , / 
(Galvin-Parton et al., J. Biol. Chem. 272: 4335-4341, 1997, hereafter "Galvin- 
Parton"), J (MacLeod et al., J. Biol. Chem. 270:8037-8043,' 1995, hereafter ' 
"MacLeod"), and K (Ramchandani et al., P.NA.S. 94:684-689, 1997, 
M Ramchandani M ), all of which were received for publication prior to the date on 
which applicants' priority document was filed, and all of which relate to methods 
of using antisense oligonucleotides to inhibit protein production. 

18. Sugano, published in loused a 21-mer antisense oligonucleotide to 
inhibit expression of cholesteryl ester transfer protein (CETP), the enzyme that 
facilitates the transfer of cholesterylester from high density lipoprotein to apoB- 
containing lipoprotein. The asialpglycoptotein-coupled 21-mer antisense 
oligonucleotide, which was administered to rabbits intravenously, decreased CETP 
biological activity and also decreased total cholesterol levels. 

19. As published in February 1997, Galvin-Parton expressed a 39-mer 
antisense oligonucleotide in transgenic mice. This 39-mer antisense 
oligonucleotide, which targeted the nucleic acid encoding G-protein, Go,, 
decreased Ga„ polypeptide levels, and caused an increase in body mass and 
hyperadiposity. 
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20. MacLeod, in 1995, expressed a.600-mer antisense oligonucleotide, 

which was complementary to DNA methyltransf erase roRNA, in Yl cells, a 

tumorigenic adrenocortical cell line. This antisense oligonucleotide decreased 

, ■ - • . ■ .... 

DNA methyltransferase gene expression, protein activity, and also decreased the 

ability of the Y 1 cells to form tumors when injected into mice. 

21. In a related study published in January 1997,^Ramchandani designed a 
phosphorothibate modified 20-mer antisense oligonucleotide that targeted the 
same region of DNA methyltransferase mRNA that was targeted by the 600-mer 
described by MacLeod. Ramchandani injected tumorigenic Yl cells into the 
flanks of mice,' allpwed tumors to form, then administered the 20-mer antisense 
oligonucleotide to the tumor. The 20-mer and the 600-mer antisense 
oligonucleotides, though of widely differingly lengths, both decreasedDNA 
methyltransferase levels and inhibited tumor growth. 

22. In sum, Shankar, Kallio, Fukuda, the '771 patent, the *772 patent, the 
'173 patent, Jansen, Sugano, Galvin-Partbn, and MacLeod describe the use of 
antisense oligonucleotides that range in length between 18 and 600 nucleotides to 
inhibit the expression of a target gene and achieve a desired biological effect 
These antisense oligonucleotides, regardless of length, bind to a complementary 
target mRNA and inhibit protein production, just as applicants' antisense 
oligonucleotides do. One skilled in the field of antisense, being familiar with the 
art available at the time of filing (of which the above is but a sample) would know 



that antisense molecules complementary to a portion of XIAP could be a variety of 
different lengths. 1 , 

23. I hereby declare that all statements, made herein of my own knowledge 
are true and that all statements made on information and belief are believed to be 
true; and further that these statements were made with the knowledge that willful 
false statements and the like so made are punishableby fine or imprisonment, or 
both, under Section 1001 of Title 18 of the United States* Code and that such 
willful false statements may jeopardize the validity'of the application or any 
patents issued thereon. 
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Comrnissioner For Patents 
Washington, D.C. 20231 

DECLARATION UNDER.37 C.F.R. § 1.132 OF ROBERT G KORNELUK, PH.D. 

1. I am an inventor on the above-captioned patent application. 

2. I have read the Office Action mailed November 20, 2002. 

3. We have successfully reduced to practice me present mvenh^ using techniques 
known to those skilled in the art of antisense oligonucleotide technology at the time the 
priority application for the presently claimed invention was filed. Specifically, we 
showed the effect of XIAP down-regulation by antisense oligonucleotides on human non- 
small cell lung cancer (NIH-H460) growth in vivo. In animal models, we demonstrated 
that the G4 antisense oligonucleotide at 15 mg/kg had significant sequencfe-specific 
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growth inhibitory efifebts on human H460 tumors in xenograft models of SCE)/RAG2- 
innrmnodeficient niice by, systemic intraperitoneal administration'. Systemic antisense 
oligonucleotide administratibn was associated with ^ an 85% , down-regulation of XIAP 
protein in ttumor xenografts. The combinatibn of 15 mg^g G4 AS ODN wim 5 mg/kg 
vinorelbine significantly inhibited tumor growth, more than either agent alone. These 
studies indicated that down-regulation of XIAP is apotent death signal in lung carcinoma 
cells and is able to inhibit tumor growth i« vivo. These studies support the contention; that 
the in vivo administration of antisense oUgonucleotides complementary to.XlAP SEQ ID 
NO:3 was enabled as a cancer therapy at the time applicants' priority document was filed. 

4, The antisense oUgonucleotides were selected using methods outlined in our 
disclosure. Specifically, we selected nkiety-sixoligoniicleotide sequences 
complementary to a portion of XIAP (each sequence having nineteen nucleotides) (SEQ 
ID NOs: 1 through 96; Table 1), from a region approximately 1 kb upstream of the start 
codon to approximately 1 kb downstream of the stop codoh of the XIAP cDNA sequence. 

• 5. As described in our specification, the XIAP synthetic library of 96 antisense 
oligonucleotides was first screened in vitro to identify antisense oligonucleotides that 
decreased XIAP protein levels. Specifically, T24 cells (1 5 x 10 4 cells/well) were seeded 
in wells ofa 96-well plate on day 1, and were cultured in antibiotic-free McCoy's 
medium for 24 hours. On day 2, the cells were transfected with XIAP antisense 
oligonucleotides. On day 3, XIAP RNA levels were measured using quantitative real- . 
tune PCR techniques. At day 4, XIAP protein levels were measured by ELISA (Exhibit 
B-A, C, E, G, I, and K) and total cellular protein was measured biochemically (Exhibit B- 
B, D, F, H, J, and L); and used to normalize the XIAP protein levels). These results were 
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compared to a mock transfection sample (treated with the transfection agent without 
oligonucleotide DNA, and then processed as for the other samples). 

These methods identified 16 antisense oUgonucleotides that decreased XIAP , 
protein levels relative to control cells that were mock transfected. As expected, the ability 
of an antisense oligonucleotide to decrease XI AP protein levels correlated with. * ability 
to decrease XIAP mRNA levels (Exhibit C-A and B). Sixteen of these oligonucleotides 
decreased by at least 50% levels of XIAP protein or mRNA levels. The G4 AS ODNs 
exhibited the strongest down-regulating effect on XIAP protein, reducing XIAP protein 
levels by 62% within twenty-four hours after the end of transfection (Exhibit D-A and D- 
B). As shown in Exhibit E, cells treated With G4 AS ODNs underwent morphological 
changes characteristic of apoptosis, mcmrtiig chroma^^ 

fragmentation. Few control ceUs showed these morphological changes. Forty-eight hours 
after transfection, G4 AS ODNs reduced H460 cell growth 55% relative to untreated 
controls (Exhibit F). In vivo studies with lung carcinoma and breast carcinonia cells were 
then carried out 

6. SC^RAO? mice were inoculated^ 

(subcutaneous shoulder injection of 10 6 cells) and treatments with 04 and F3 AS PS- 
. ODNs, as well as a scrambled control, were initiated three days after tumor inoculation. 
ODN injections were administered mtraperitoneally at 12.5 mg/kg three times a week for 
three weeks. At the end of the treatment period, mean tumor sizes in the groups treated 
with either G4 or F3 antisense oligonucleotides were ~ 50 % smaller relative to tumor 
size in a control giroup treated with a scrambled control oligonucleotide (Exhibit G). 

7. The treatment protocol described above was also tested on femaie SClD- . 
RAG2 mice inoculated orthotopically with MD A-MB-43 5/LCC6 human breast carcinoma 
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cells. Two weeks after the last treatment (day 35) tumor volumes of mice treated with F3, 
C5 or G4 AS ODNs were 70 %, 60 % and 45 % smaller than vehicle controls ( Exhibit 

H). . ' ■ . ' 

■ . , i ■ ■ . ■ < 

8. G4 AS ODNs in SCID-RAG2 mice bearing xenografts of H460 human 
ncro small-cell lung tumors implanted subcutaneously. Saline-treated control tumors grew 
reproducibly to a size of 0 J5 cm 3 within approximately 24 days (Exhibit I). ODN 
treatments were initiated three days after tumor cell inoculation. G4 AS QDNs (5 to 15 
mg/kg) were administered using a treatment schedule of intraperitoneal injections given 
on days 3-7, 10-14, arid 17-21 (once a day). The treatment with 5 or 15 mg/kg G4 AS 
ODNs greatly delayed tumor growth: on day 24 mean tumor sizes were 0.75, 0:45 arid 
0.29 cm 3 in control, 5 and 15 mg/kg treated groups, respectively (Exhibit I). There was a 
dose-dependent inhibition of tiimor growth. Tumor size.in mice treated with 15 mg/kg 
• G4 AS ODNs was significantly smaller than in control groups, and represented 39% of 
control mean tumor size. In contrast, administration of G4 scrambled oligonucleotides at 
15 mg/kg provided no therapeutic activity. None of the mice treated with ODNs 
displayed any signs' of toxicities, and both doses of ODNS were well tolerated. A dose of 
1 5 mg/kg was selected for the future combination treatment regimens .with anticancer 
drugs. 

9. To correlate G4 AS ODN tumor growth inhibitory effects with XLAP 
protein expression, we examined the changes in XLAP expression at the end of the in vivo 
treatment with 15 mg/kg of ,04 AS and scrambled oligonucleotides. At day 21 or 24 post- 
tumor inoculation when tumors reached 1 cm 3 in size, tumors were harvested and lysates 
from tumor homogenates were used for western blot analysis. XIAP and p-actin 
antibodies against the human protein wcsre used, allowing for determination of human 
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XIAP levels obtained from tumor cells specimens without contamination from XIAP 
derived from mouse cells. XIAP protein levels in tumors treated with G4 AS ODNS were 
significantly reduced to apprdximately 85% of control tumors (P O.005) (Exhibit J). , 
XIAP protein in tumors treated with G4 Scrambled oUgonucleotides were reduced in size 
by 24% of control tumors. These results; indicated that inhibition of H460 tumorgrowth 
by G4 AS ODNS correlated with the down-regulation of XIAP protein expression. 

10. To evaluate whether XIAP AS ODN administration results in direct tumor 
cell kill, we examined the histology of tumors after treatment both for morphology and 
ubiquitm immune At day 21 or 24 post-tumor inoculation, 

tumors treated with 15 mg/kg of G4 AS, scrambled oUgonucleotides, or saline control 
were excised, sectioned, and stained with hematoxylin and eosin. The results 
demonstrated that tumors in animals achninistered . given XIAP. AS ODNs treatment 
contained an increased number of dead ceUs, identified morphologically by their 
amorphous shape and condensed nuclear material. 

12. As described in our specification, we also combined treatments of G4 AS 
ODNs with known a chemotherapeutic agent used for lung cancer treatment The 
therapeutic efficacy of vinorelbine in the presence and absence of G4 AS ODNs or 
scrambled oligonucleotides. Treatment was initiated on day 3 after tumor inoculation. 
Exhibit L presents the in vivo efficacy results for 5 mg/kg and 10 mg/kg doses of 
vinorelbine given to H460 tumor-bearing mice and compared with saline controls. Each 
of the two regimens induced significiant tumor growth suppression in a dose-dependent 
manner without showing significant signs of undesirable toxicity (i.e., body weight loss). 
When administration of G4 AS ODNs (15 mg/kg) was combined with vinorelbine (5 
mg/kg) for the treatment of H460 tumors, a more pronounced delay of H460 tumor 
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growth was observed compared to either treatment adrmnislrated alone (Exhibit L). 
Again, the mice didnot shw any significant signs of toxicity (ie. 1 , body weight loss). 
Mean tumor size in mice treated with 5 mg/kg vinorelbine in the presence or absence of 
G4 AS or Scrambled pligonucleotides was compared on day 29 (Exhibit L A and B). The 
tumor sizes in the group receiving combination therapy was 0.22 * 0.03 cm 3 , sigmficamly 
smaller than the tumbr sizes of groups receiving any other treatment (tumor s,ize in control 
mice receiving 5 mg/kg vmorelbine alone or a combir^teof vinorelbine and G4 
scrambled oligonucleotides was 0.59 ± 0.04 and 0,48 ± 0.05 cm 3 , respectively). 

13. In sum, using routine methods described in our specification at the time of 
filing, we have now demonstrated the in vivo merapeutic efficacy of antisense ' 
oligonucleotides for enhancing apoptosis in a cell of a mammal and for the treatment of a 
patient diagnosed as having a proliferative disease. 

14. I hereby declare that all statements made herein of my own knowledge are 
tme and that aU statements made on ^ 

further that these statements were made with the knowledge that willful false statements 
and the like so made are punishable by fine or imprisonment, or both, under Section 1001 
of Title 18 of the United States Code and that such willful false statements may 
jeopardize the validity of the application or any patents issued thereon. 
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Exhibit D 



HEMATOPOIESIS 



The antiapoptosis protein survivin is associated with cell cycle entry of normal 
cord blood CD34+ cells and modulates cell cycle and proliferation 
of mouse hematopoietic progenitor cells 



Seiji f : okuda>,Richard G. Foster, Scott B. Porter, and Louis M. Pelus 



The inhibitor of the apoptosis protein 
(IAP) survivin is expressed in proliferat- 
ing cells such as fetal tissues and can- 
cers. We previously reported that sur- 
vivin is expressed and growth factor 
regulated in normal adult CD34+ cells. 
Herein, we examined survivin expression 
in CD34 + "cells before and after cell cycle 
entry and demonstrate a role for survivin 
in cell cycle regulation and proliferation. 
Analysis of known human lAPs revealed 
that only survivin is cytokine regulated in 
CD34+ cells. Survivin expression is co- 
incident with cell cycle progression. Up- 
regulation of survivin by thrombopoietin 
(Tpo), Flt3 ligand (FL), and stem cell fac- 
tor (SCF) occurred in underphosphory- 



lated-retinoblastoma protein (Rb)P° slt,ve , 
Ki . 6 7ne 9 3tive f aria" cyclin D ne ? atiV8 CD34+ 
cells. Quantitative real-time reverse tran- 
scription-polymerase chain reaction (RT- 
PCR) and multivariate flow cytometry 
demonstrated that Tpo, SCF, and FL in- 
crease survivin mRNA and protein in qui- 
escent G 0 CD34+ cells without increasing 
Ki-67 expression, indicating that cytokine- 
stimulated up-regulation of survivin in 
CD34 + cells occurs during G 0 , before 
cells enter Selective inhibition of the 
PI3-kinase/AKT and mitogen-activated 
protein kinase (MAPKP 42 ' 44 ) pathways 
blocked survivin up-regulation by growth 
factors before arresting cell cycle. Retro- 
virus transduction of survivin-intemal ri- 



bosome entry site-enhanced green fluo- 
rescent protein (survivin-IRES-EGFP) in 
primary mouse marrow cells increased 
granulocyte macrophage-colony-forming 
units (CFU-GM) by 1.7- to 6.2-fold and the 
proportion of CFU-GM in S phase, com- 
pared to vector control. An antisense 
survivin construct decreased total and 
S-phase CFU-GM. These studies provide 
further evidence that survivin up-regulation 
by growth factors is not a consequence 
of cell cycle progression and strongly 
suggest that survivin is an important early 
event for cell cycle entry by CD34+ cells. 
(Blood. 2002;100:2463-2471) 

© 2002 by The American Society of Hematology 



Introduction 



Apoptosis and cell cycle regulation are tightly orchestrated pro- 
cesses involving multiple effector molecules. 1 * 3 Pathways that 
regulate cell cycle and cell survival overlap, but distinct mecha- 
nisms are involved. 4 * 5 The inhibitor of apoptosis protein (IAP) 
family pr oteins inhib it _apoptosis by inactivating several caspases. 
There are 7 known IAP family proteins: NAIP, 6 - 7 XIAP, 7 c-IAPl, 7 " 9 
C-IAP2, 7,8 survivin, 10,11 livin, 12 and murine Bruce 13 and its human 
homolog, Apollon. 14 Survivin and livin are frequently overex- 
pressed in cancer cells and fetal tissues but are barely detectable in 
adult quiescent tissues. ItM2 - 15 While most IAPs block apopto- 
s j s 3.8,i2.i6,i7 tne i r ro i es in cell cycle regulation are unclear. 

We recently reported that survivin is expressed and cytokine 
regulated in normal adult marrow CD34 + cells, umbilical cord 
blood (UCB) CD34 + cells, and adult peripheral blood T cells. 18 
Survivin blocks caspase-3 activity and inhibits apoptosis in cancer 
cells, 1 1 - 15,16,19 " 21 and an inverse correlation between survivin and 
active caspase-3 expression was observed in CD34 + cells. 18 
Survivin expression in cytokine-stimulated CD34+ cells was 
associated with cell cycle progression, being highest in G 2 /M. 
However, in contrast to expression occurring only during G 2 /M in 
cancer cells, 15 survivin is expressed in all phases of the cell cycle in 
cytokine-stimulated CD34 + cells. 18 These studies indicate that 
survivin is not a cancer-specific protein and suggest that survivin 



plays a role in the proliferation and survival of normal hematopoi- 
etic cells. 

Since most proliferating cells express survivin, including cancer 
cells, 10 - 11 ' 15 normal T cells, 18 and normal CD34 + cells, 18 it is 
unclear whether survivin is expressed simply because cells are 
dividing or whether survivin expression directly affects cell cycle 
progression and proliferation. Since survivin interacts with the 
cdk4/cyclin D complex and enhances Rb phosphorylation 4,22 * 23 and 
overexpression of survivin enhances cell cycle progression in 
hepatoma cells, survivin may be involved in cell cycle regulation, 
at least in cancer cells. 24 Our previous findings that survivin is 
found in G 0 CD34 + cells after growth factor stimulation for 48 
hours 18 raised the question of whether up-regulation of survivin by 
growth factors occurs in quiescent G 0 CD34+ cells before they 
enter Gj. 

In this study, we examined whether IAPs in general, and 
survivin in particular, are expressed and growth factor regulated in 
normal CD34+ cells. Using real-time reverse transcription- 
polymerase chain reaction (RT-PCR) and multivariate flow cytom- 
etry, we now demonstrate that up-regulation of survivin expression 
by growth factors occurs in quiescent (G 0 ) CD34 + cells before 
entering G[ and that survivin expression is not a consequence of 
cell cycle progression. Overexpression of survivin in normal 



From the Department of Microbiology and Immunology and the Walther 
Oncology Center, Indiana University School of Medicine; and the Walther 
Cancer Institute, Indianapolis, IN. 

Submitted October 22, 2001; accepted May 22, 2002. 

Reprints: Louis M. Pelus, Walther Oncology Center, Indiana University School 



of Medicine, 1044 W Walnut St, Indianapolis, IN 46202; e-mail: 
lpelus@iupui.edu. 

The publication costs of this article were defrayed in part by page charge 
payment. Therefore, and solely to indicate this fact, this article is hereby 
marked "advertisement" in accordance with 18 U.S.C. section 1734. 

© 2002 by The American Society of Hematology 



BLOOD, 1 OCTOBER 2002 - VOLUME 100, NUMBER 7 



2463 



2464 FUKUDAetal 

primary mouse bone marrow cells enhanced granulocyte macro- 
phage-colony-forming unit (CFU-GM) production and cell cycle, 
suggesting that survivin plays a regulatory role in cell cycle entry 
and proliferation of normal hematopoietic cells. 



Materials and methods 

Animals 

Specific pathogen-free female C57BI/6 mice, 8 to 12 weeks of age, were 
purchased from Harlan Sprague-Dawley, IndianapblisT IN, Mice were 
provided continuous access to rodent chow and acidified water. The 
Institutional Animal Care and Use Committee of Indiana University School 
of Medicine. approved ^experimental procedures. _ 

Growth factors, antibodies, and reagents 

Recombinant human granulocyte-macrophage colony-stimulating factor 
(GM-CSF), Flt3 ligand (FL), and thrombopoietin (Tpo) were provided by 
Immunex, Seattle, WA. Recombinant human and mouse stem cell factor 
(SCF) were a gift from Dr Karl Nocka, UCB Research (Cambridge, MA). 
Recombinant murine GM-CSF was purchased from BioVision (Palo Alto, 
CA). Affinity purified antihuman survivin polyclonal antibody (AF886) and 
mouse IgGj were purchased from R&D Systems (Minneapolis, MN). We 
previously described the specificity of the AF886 survivin antibody for 
intracellular staining in CD34 + cells. 18 Monoclonal antihuman survivin 
antibody (6E4) was purchased from Cell Signaling (Beverly, MA). Anti- 
human retinoblastoma protein (Rb) monoclonal antibody (mAb) (G3-245), 
fluorescein isothiocyanate (FITC)~conjugated anti-underphosphorylated- 
Rb mAb (clone G99-549), FITC-antihuman cyclin D1/D2/D3 mAb (clone 
G 124-259), FITC-anti-Ki-67 mAb (clone B56), FITC-anti mouse Ig, 
FITC-mouse IgGl and 7-AAD (Via Probe) were obtained from BD 
Pharmingen (San Diego, CA). Normal rabbit IgG was purchased from 
Santa Cruz Biotechnology (Santa Cruz, CA). FITC- and phycoerythrin 
(PE)-goat anti-rabbit IgG was from Caltag Laboratories (Burlingame, CA). 
FITC- and Cy-chrome anti-CD34 antibodies (BIRMA-K3) were from Dako 
(Carpinteria, CA). Affinity purified polyclonal antihuman phosphorylated- 
Rb (Ser780, Ser795, and Ser807/81l) antibodies were obtained from Cell 
Signaling. LY294002 and PD98059 were from BioMol (Plymouth Meeting, 
PA) and Calbiochem (San Diego, CA), respectively 

Isolation of cord blood CD34 + cells and cell culture 

Normal UCB was obtained with institutional review board approval. 
Low-density mononuclear cells were separated on Ficoll-Paque (1.077 
g/mL) (Amersham Pharmacia Biotech, Piscataway, NJ) and CD34 + cells 
isolated with antihuman CD34 mAb (QBEND/10) and 2 sequential positive 
selections with immunomagnetic beads (Miltenyi Biotech, Auburn, CA) as 
previously described. 18 The purity of CD34 + cells routinely exceeded 95%. 
Fresh CD34 + cells or cells incubated with 100 ng/mL each of thrombopoi- 
etin (Tpo), Flt3 ligand (FL), and stem cell factor (SCF) in 10% heat- 
inactivated fetal bovine serum (HI-FBS) (Hyclone Laboratories, Logan, 
UT), 2 mM glutamine, and Iscove modified Dulbecco medium (IMDM) for 
up to 48 hours were fixed in 4% paraformaldehyde and frozen. For cell 
cycle fractionation, fresh or cultured CD34 + cells were stained with 
Hoechst 33342 (Hst) (Molecular Probes, Eugene, OR) and pyronin Y (PY) 
(Polysciences, Warrington, PA) as described. 18,25 ' 26 Go and G| cells were 
defined as Hst ,ow /PY low and Hst ,0W /PY hi s h , respectively. The 20% dimmest 
cells in the pyronin Y gate having 2N DNA were collected as Go cells in all 
experiments. 27 In some experiments, fresh Go CD34 + cells were sorted 
based on Hst/PY staining and then stained with 1 p.M of 5- (and 6-) 
carboxyfluorescein diacetate succinimidyl ester (CFSE) (Molecular Probes) 
in Hanks balanced salt solution (HBSS) (Gibco-BRL/lnvitrogen, Carlsbad, 
CA) for 10 minutes at 37°C. The reaction was stopped with 500 fiL of 
ice-cold HBSS with 10% FBS, then cells were washed 3 times and 
resuspended at 1-2 X 10 3 cells/mL in IMDM with 10% HI-FBS, 2 mM 
glutamine, plus 100 ng/mL each of Tpo, FL, and SCF. 28 * 29 After culture, 
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CD34 + cells were sorted and reanalyzed for cell cycle and cell division 
based on CFSE and Hst/PY staining. 

RNA isolation and RT-PCR 

Total RNA isolation and RT-PCR were performed as previously de- 
scribed. 18 PCR primers for amplification of IAPs were: survivin: 5'- 
G AGCTGC AGGTTCCTTATC-3 ' and 5'-ACAGCATCGAGCCAAGTCAT- 
3' 18 ; livin: 5 '-TGAGGTGCTTCTTCTGCTAT -3' and 5'-TTTCAGACTG- 
GACCTCTCTC-3'; XIAP: 5 '-GAAG ACCCTTGGGAACAACA-3 ' and 
5 '-GTCCTTGAAACTGAACCCCA-3 c-IAPl: 5'-GCCTTTCTCCAAA- 
CCCTCTT-3' and 5 '-CATTCG AGCTGC ATGTGTCT-3'; C-IAP2: 5'-CAG- 
TGG ATATTTCCGTGGCT-3 ' and 5 '-ATTTTCCACCACAGGCAAAG- 
3'; NAIP: 5'-CCGAACAGGAACTGCTTCTC-3' and 5 '-AAATTTG- 
GCAAACTGGCAAC-3'; Apollon: 5'-AAGTGGCACCCGTAAATCTG-3' 
and 5'-CCTGCCTCAAAGAA^AAAC-3_', Amplification of all IAPs was 
carried out for 30 to 40 cycles of denaturation at 95°C for 1 minute, 
annealing at 55°C for 1 minute, and elongation for 1 minute at 72°C, 
followed by final extension for-7. minutes at 72°CrFor NAIP, annealing was 
carried out at 60°C. PCR products were visualized in 2% agarose gels 
stained with ethidium bromide. 

Quantitative real-time RT-PCR 

Primers and probes for human survivin, Ki-67, and glyceraldehyde-3- 
phosphate dehydrogenase (GAPDH) were designed using Primer Express 
Software (Applied Biosystems, Foster City, CA) and purchased from 
Applied Biosystems. For survivin, the forward and reverse primers were 
5 '-TGA ACTTCAGGTGGATGAGGAGA-3 ' and 5 '-GTCTAATCACA- 
CAGC AGTGGCA A-3 ', and the TaqMan probe was 6 FAM-AATAGAGT- 
GATAGGAAGCGTCTGGCAGATACTC-TAMRA. For Ki-67, the for- 
ward and the reverse primers were 5 '-CCACACTGTGTCGTCGTTTG-3 ' 
and 5'-CCGTGCGCTTATCCATTCA-3', and the TaqMan probe was 6 
FAM-CCTATGTTCTCCAGGGCACGGTGG-TAMRA. Total RNA was 
treated with DNase (Promega, Madison, WI) for 30 minutes at 37°C, 
followed by real-time RT-PCR. The RT-PCR cycle parameters were 48°C 
for 30 minutes and 95°C for 10 minutes, followed by 50 cycles at 95°C for 
15 seconds and 60°C for 1 minute. Survivin, Ki-67, and GAPDH PCR 
reactions were performed in separate tubes in triplicate, and the average 
threshold cycle (CT), representing the cycle at which a significant increase 
in fluorescence occurs, was used in subsequent calculations. The relative 
differences for survivin and Ki-67, before and after cytokine stimulation, 
were determined using the CT method as outlined in the Applied 
Biosystems protocol for RT-PCR. Briefly, a CT value for GAPDH was 
subtracted from the CT values for survivin and Ki-67 for each sample. The 
CT values were then converted to fold differences compared to unstimu- 
lated cells by raising 2 to the -CT power. 

Intracellular staining and flow cytometry 

Multivariate intracellular staining of CD34 + cells with anti-total-Rb, 
phosphorylated-Rb, underphosphorylated-Rb, cyclin-D, Ki-67, and sur- 
vivin antibodies in combination with DNA staining were performed as 
previously described 18 with minor modifications. CD34 + cells were fixed 
with 4% paraformaldehyde, washed with 0.1% bovine serum albumin/ 
phosphate-buffered saline (BS A/PBS), resuspended in ice-cold 80% etha- 
nol, and incubated for 24 hours at — 20°C. Cells were washed with PBS 
containing 0.25% Triton X-100 and 1% BSA and stained with either 
FITC-anti-underphosphorylated-Rb, FITC-anti-Ki-67, or FITC-anti- 
cyclin D mAbs and antihuman survivin antibody. DNA staining was 
performed using 7-AAD. Stained cells were analyzed using a FACScan and 
ModFIT (for cell cycle) and CellQuest software (Becton Dickinson, 
San Jose, CA). 

Retrovirus production and infection of mouse bone marrow 
progenitor cells 

Human survivin cDNA was obtained from Dr Hari Nakshatri (Indiana 
University School of Medicine, Indianapolis, IN). Mouse survivin cDNA 
was amplified by RT-PCR from total RNA harvested from NIH3T3 cells 
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using random hexamers and the primers 5 '-GTTTG AGTCGTCTTGGCG- 
G AGGTTGTGGTG ACGCC ATC-3 ' and 5 '-CTCAGGTCCAAGTTATCT- 
CAGCAAAGGCTCAGCA-3'. The bicistronic retrovirus plasmid MIEG3 
containing internal ribosbme entry site-enhanced green fluorescent protein 
(1RES-EGFP) 30 was obtained from Dr David Williams (Indiana Univer- 
sity). Full-length human and mouse survivin cDNAs were cloned into the 
MIEG3 plasmid. The orientation and sequence of every construct were 
confirmed before transfection. A clone showing a reverse direction was 
used as an antisense construct. Ecotropic retrovirus containing human, 
mouse, and antisense-mouse survivin and MIEG3 backbone were produced 
using Phoenix eco cells (ATTC, Manassas, VA) as described. 30 Briefly, 
5 X 10 6 Phoenix eco cells were seeded onto 1 00-mrruiishes and transfected 
with 8 jig^Iasmid using Lipofectamine and Plus Reagent (Gibco BRL/ 
lnvitrogen) 16 hours later. Transfected cells were incubated in serum-free 
media for 3 hours, followed by readdition of serum. After 24 hours, cells 
were exposed to 50 mM sodium butyrate for 8 hours, followed by 
sequential washing with PBS. Cells were fed with IMDM containing 10% 
HI-FBS and 2 mM glutamine, incubated at 32°C for 24 hours, and the 
supernatant was -collected, filtered; and stored at -70°Gr Virus titer was 
usually 1-2 X 10 5 plaque-forming units (pfu)/mL. Mouse bone marrow 
cells were harvested, and mononuclear cells were isolated on Lym- 
pholyte-M (Cedarlane Laboratories, ON, Canada) and stimulated with 100 
ng/mL each human Tpo, murine SCF, and human G-CSF for 48 hours. 30 
Media were replaced with freshly thawed retrovirus supernatant containing 
the identical cytokine cocktail, and the cells were cultured on wells 
precoated with recombinant fibronectin fragment CH296 (Takara Shuzo, 
Otsu, Japan) for 48 hours. 

CFU-GM and thymidine suicide assay 

Mouse bone marrow cells cultured with retrovirus supernatant were 
collected and FACS sorted based on green fluorescence protein (GFP) 
expression. Ten thousand GFP + cells were plated in 0.3% agar (Difco 
Laboratories, Detroit, MI) containing supplemented McCoy 5a medium 
with 15% HI-FBS, 10 ng/mL rmGM-CSF, and 50 ng/mL rmSCF. 31 
CFU-GMs were scored after 7 days* incubation at 37°C in a humidified 5% 
C0 2 , 5% 0 2 air atmosphere. S-phase CFU-GMs were quantitated by 
thymidine suicide as previously described. 32 Briefly, GFP + cells were 
incubated with either 5 mg/mL thymidine (Sigma Chemical, St Louis, MO) 
or 50 p,Ci (1.85 MBq) [methyl- 3 H]thymidine (20 Ci/mmol [740 GBq/ 
mmol], New England Nuclear, Boston, MA) at 37°C for 30 minutes. 
Reactions were terminated by adding 100-fold excessive thymidine (300 
p.g/mL). Cells were washed twice with IMDM and CFU-GM/1 X 10 4 cells 
quantitated as described above. In some experiments, growth factor 
addition was delayed for up to 48 hours and colonies scored after 1 0 days. 

Western blot analyses 

Western blot analyses were performed on lysates from 5 X 10 5 GFP + cells 
from each transduced group using the rabbit polyclonal antihuman survivin 
(AF886) antibody. Preliminary flow cytometry and Western blot analyses 
experiments demonstrated the cross-reactivity of this antibody for 
murine survivin. . . . __ ... 



Results 

Expression of mRNA for Inhibitor of apoptosis proteins in cord 
blood CD34 + cells 

Since we previously demonstrated that survivin is expressed and 
cytokine regulated in normal CD34 + cells, we examined expres- 
sion and growth factor regulation of all other human IAPs. 
Comparison of mRNA before and after culture with Tpo, SCF, and 
FL by RT-PCR for 48 hours demonstrated that in addition to 
survivin, XI AP, c-IAPl, C-IAP2, and Apollon are expressed in 
fresh CD34 + cells (Figure 1). Livin and NAIP were not detectable. 
Only survivin mRNA expression was up-regulated after cytokine 
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Figure 1. Semiquantitative RT-PCR for IAPs in UCB CD34+ cells before and 
after growth factor stimulation. Total RNA from CD34+ cells before (-) and after 
(+) Tpo, SCF, and FL stimulation was subjected to 30, 35, and 40 cycles of RT-PCR 
for all 7 known human IAPs and 25, 30, and 35 cycles for GAPDH. The number of 
PCR cycles is shown in parentheses. Total RNA derived from human melanoma 
G361 cells was used as positive control (PC). NC represents reactions without RNA 
template. Reaction products were visualized in 2% agarose gels stained with 
ethidium bromide. 

stimulation, whereas expression of.c-IAPl and C-IAP2 decreased. 
Identical results were observed in CD34 + cells from 5 UCB 
samples, although in 2 of 5 samples, c-IAPl remained unchanged 
after culture with Tpo,?SCF, and FL, while decreasing in 3 of 
5 samples. 

Survivin, Rb protein, cyclin D, and Ki-67 expression 
in CD34+ cells 

A number of proteins have been linked to cell cycle entry. D cyclins 
are induced upon mitogenic stimulation in quiescent cells, 33 " 35 and 
Ki-67 is a nuclear antigen found exclusively in proliferating 
cells. 33 * 34 ' 36 ' 37 Upon mitogenic stimulation, Rb becomes phosphory- 
lated, allowing cells to transit from Gi to S phase. 5 * 35 - 38-40 In 
unstimulated lymphocytes, underphosphorylated Rb predominates, 
and the proportion of cells with underphosphorylated Rb decreases 
within 3 to 8 hours of mitogenic stimulation. 39 To address whether 
survivin up-regulation by growth factors in CD34 + cells occurs 
before or after cell cycle entry, survivin, total Rb, underphosphory- 
lated Rb, phosphorylated Rb (Ser780, Ser795, and Ser807/811), 
D cyclins, Ki-67, and cell cycle status were measured by multivari- 
ate intracellular flow cytometry following cytokine stimulation. 
Survivin mRNA was also quantitated by real-time RT-PCR. Within 
2 hours, cytokine-stimulated up-regulation of survivin mRNA and 
protein was observed coincident with up-regulation of D cyclins 
and Ki-67 (Table 1). Total Rb protein gradually increased, whereas 
phosphorylated Rb increased dramatically. Underphosphory- 
lated-Rb protein remained constant or marginally decreased (not 
shown). The ratio of phosphorylated Rb to total Rb protein was 
dramatically elevated following growth factor addition, whereas 
the ratio of underphosphorylated Rb to total Rb gradually declined 
(Table 1). The increase in the percentage of S + G 2 M phase cells 
correlated with up-regulation of survivin, Ki-67, D cyclins, and 
-phosphorylated Rb. Because cells that express underphosphory- 
lated Rb and-are negative for Ki-67 and D cyclins are believed to be 
quiescent, expression of survivin in underphosphorylated-RbP° sitivc , 
Ki-67 nc e ative , and cyclin D ne « Btivc CD34 + cells was examined before 
and after growth factor stimulation (Table 2). Survivin protein was 
up-regulated by growth factors in underphosphorylated-Rb f>osilivc , 
Ki-67 nc * ,tivc , and cyclin D™""™ CD34 + cells as well as in underphos- 
phorylated-Rb 1 "* 3 ^ 6 , Ki-67P° silivc , and cyclin D**™* CD34 + cells, 
suggesting that survivin expression is up-regulated in quiescent 
cells before cell cycle entry. 

Survivin expression in G 0 CD34+ cells before and after growth 
factor stimulation 

We previously demonstrated that survivin expression is elevated in 
G 0 cells after incubation of unseparated CD34 + cells with cyto- 
kines. 18 However, these studies did not address the issue of whether 
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Table 1. Survivin, Ki-67 , cyclin D, phosphorylated-Rb, underphosphorylated-Rb, and % S + G 2 /M cells In Tpt>, SCF-, and FL-stimulated CD34+ cells 

Fold increase 



Cell population 


No. of 
experiments 


2 hours after growth 
factor addition* 


4 hours after growth 
factor addition* 


6 hours after growth 
factor addition* 


18 hours after growth 
factor addition* 


Survivin protein 


4 


1.4 ± 0.2 


1.8 ± 0.2* 


2.4 ± 0.5| 


6.2 ± 2.4t 


Survivin mRNA 


3 


1.1 ±0.1 


1.2 + 0.1* 


2.1 ± 0.5t 


10.3±3.8t 


%S + G 2 M phase 


4 


7.5 ± 1.2 


6.9 ± 1.0 


8.5 ± 1.2f 


19.9 ± 3.1t 


Ki-67 


2 


1.3 ± 0.01§ 


1.3 ± 0.02§ 


1.2 ±0.01 § 


1.5±0.2§ 


Cyclin D 


5 


1.1 ± 0.1t 


1.2 ± 0.1t 


1.2 ±0.1* 


1.5±0.2t 


Phosphorylated Rb/Total Rb 


2 


1.7 ± 0.6t 


1.5 ± 0.5t 


1.8±0.7t 


2.3 ± 0.6t 


Underphosphoryiated Rb/Total Rb 


3 


0.8 ± 0.1 1 


0.7 ± 0.1* 


0.7 ± 0.1f 


0.5 ± 0.1§ 



Survivin, cyclin D, Ki-67, phosphorylated-Rb (Ser 807/811), underphosphorylated-Rb, and total-Rb protein levels were determined by intracellular flow cytometry in the 
CD34 + cell population from UCB. The fold increases in mean channel fluorescence for each protein and the ratio of fold changes of phosphorylated Rb/total Rb and 
underphosphoryiated Rb/total Rb are shown as means ± SEM of the number of experiments indicated. Survivin mRNA was determined by real-time RT-PCR. The percentage 
-of CD34+cells in S + G 2 /M phase.was measured by DNA staining with 7?AAD and analyzed using ModFit software. Data are presented as means ± SEM of 4.experiments. 

*100 ng/mL each rhTpo, rhFL, rhSCF. 

tP<.05. 

±P<.01. 

%P < .005 compared with time 0. 



these cells had yet to enter cell cycle or had already completed 
mitosis and returned to G 0 . We therefore investigated whether 
survivin up-regulation by growth factors observed in G 0 cells is 
specifically regulated before cells enter cell cycle. Fresh G 0 CD34 + 
cells were isolated based upon Hoechst 33342/pyronin Y (Hst/PY) 
staining (Figure 2 A, gate Rl) and incubated for 12 hours with 100 
ng/mL each of Tpo, SCF, and FL. After culture, cells were 
restained with Hst/PY, and Hst low , PY ,0W cells (gate R2), represent- 
ing cells in Go, were collected by FACS sorting. Replicate freshly 
isolated G 0 cells were stained with CFSE before culture to monitor 
cell division. No cell division occurred during the 12-hour culture 
period as defined by CFSE analysis before sorting (Figure 2A). The 
purity of the G 0 population (Figure 2A, gate R2) assessed by 
Hst/PY resorting was 98% (Figure 2B, gate R2) and was 97% ± 2% 
in JS experiments. ..^.cell division in the G Q _ CD34 + population 
(gate R2) was observed based on CFSE analysis. Because Ki-67 is 
undetectable in Go cells 41 but expressed in cells entering G t , Ki-67, 
and 7-AAD, staining was used to validate the Hst/PY sort for cell 
cycle status of CD34 + cells. Approximately 99% of cells in the R2 
gate, that is, G 0 CD34 + cells, did not express Ki-67 after culture 
with cytokines (Figure 2C). In 3 experiments, 89.9% ± 9.1% of 
fresh G 0 cells (Rl) and 95.2% ± 4.3% of cultured G 0 cells (R2) 
were Ki-o^s 31 * 0 , whereas only 65.9% ± 18.3% of fresh Gj cells 
were Ki-67 negativc (not shown). Survivin protein increased 2.1 ± 
0.3 fold in G 0 CD34+ cells (R2 gate) following culture with growth 
factors, and the percentage of survivin-positive cells increased 
from 4.7% ± 1 .4% (Rl) to 32.5% ± 9.3% (R2) (Figure 2D; Table 
3).3ecause.the G 0 cells isolated-based on Hst/PY staining were not 



100% negative for Ki-67 expression (98.9%, Figure 2C, gate R2), 
survivin protein expression was examined in Ki-67 negarivc cells in 
the Rl and R2 gates (Figure 2E; Table 3). Survivin protein 
increased 1.9 ±0.1 -fold in G 0 CD34+ cells (R2 gate) after culture, 
and the percentage of survivin-positive cells increased from 
1.6% ± 0.7% to 40.0% ± 18.5%. Up-regulation of survivin in G 0 
cells after growth factor incubation was verified at the mRNA level 
using quantitative real-time RT-PCR (Figure 2F; Table 3). Cells in 
the Rl and R2 gates were harvested and total RNA analyzed for 
survivin and Ki-67 expression. Ki-67 expression was essentially 
negative both before and after growth factor stimulation, confirm- 
ing the quiescent nature of these cells. The threshold CT values for 
survivin were 34.7 and 37.8 in R2 and Rl cells, respectively, 
representing a 2.4 ± 0.7-fold increase in survivin mRNA in R2 
cells compared to Rl cells (2 experiments). No increase in Ki-67 
mRNA was observed in R2 cells compared with cells in Rl 
(0.8 ± 0.3-fold, 2 experiments), indicating that survivin is up- 
regulated in quiescent Go cells after cytokine stimulation. Real- 
time RT-PCR analysis of freshly isolated G 0 cells and CFSE bri e ht G 0 
cells cultured for 48 hours with growth factors produced similar 
results (not shown). 

P13-kinase/AKT and MAP kinase pathway inhibitors block 
survivin up-regulation by growth factors 
before cell cycle arrest 

Activation of the PI3-kinase and MAPKp 42 ' 44 pathways corre- 
lates with survival of CD34 + cells stimulated by hematopoietic 



Table 2. Survivin expression in CD 34 4 cell populations following growth factor addition 






Fold increase in survivin protein 




Cell population 


2 hours after growth factor addition* 


4 hours after growth factor addition* 


6 hours after growth factor addition* 


CD34\ cyclin D™* 3 *" 


1.8 i 0.3t 


2.2 ± 0.4* 


2.4 * 0.4* 


CD34\ cyclin DP° siBve 


1.7 * 0.2* 


2.3 ± 0.5* 


2.7 ± 0.5* 


CD34*. Ki-67****" 


2.4 ± 0.2§ 


3.2 ± 0.2§ 


4.2 ± 0.5§ 


CD34+, Ki-67P° sIt,ve 


3.9* 1.0* 


5.4 ± 1.8t 


6.5 ± 2.0* 


CD34 + , underphosphoryiated RbP° sWve 


2.2 ± 0.2§ 


3.2 ± 0.3§ 


3.7 ± 0.6§ 


CD34\ underphosphoryiated Rb n «* !,liw 


1.9 + 0.3* 


3.2 ± 0.5§ 


3.5 ± 0,6§ 



Survivin, cyclin D, Ki-67, and underphosphorylated-Rb protein levels were determined by intracellular flow cytometry in the CD34+ cell population from 
expressed as means + SEM from 3 experiments. 
*100 ng/mL each rhTpo, rhFL, rhSCF. 
*P< .05. 
*P<.01. 

§P < .005 compared with time 0. 
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Figure 2. Expression of survivin protein and mRNA in G 0 CD34 + cells isolated by Hoechst 33342/pyronin Y staining before and after 12 hours' growth factor 
stimulation. (A) Hoechst 33342/pyronin Y staining of UCB CD34 + cells before and after incubation for 12 hours with 100 ng/mL each Tpo, SCF, and FL. The left panel 
represents the gate for fresh G 0 CD34+ cells (R1 ). Fresh G 0 cells (R1) were incubated with Tpo, SCF, and FL for 1 2 hours, restained with Hoechst 33342/pyronin Y, and G 0 cells 
isolated by FACS sorting (middle panel; gate R2). In replicate cultures, R1 cells were prestained with CFSE before incubation, and cell division in the unseparated cell 
population was analyzed after 12 hours' culture (right panel). Data represent 1 of 5 identical experiments. (B) Postsort analysis of Hoechst 33342/pyronin Y and CFSE staining 
on cells from the R1 and R2 gates in Figure 2A. Data represent 1 of 5 identical experiments. The R1 and R2 gates were set so that the 20% dimmest pyronin Y cells were 
collected for fresh and cultured CD34 + cells. The gates for the postsort analysis were adjusted for the characteristic progressive loss of pyronin Y fluorescence with time. 27 - 33 
(C) Intracellular Ki-67 protein expression and DNA staining of fresh Go cells (R1) and G 0 cells isolated after culture for 12 hours with growth factors (R2) from Figure 2A. The 
percentage of cells negative for Ki-67 expression, that is, below isotype staining (horizontal bar), is shown. Data represent 1 of 3 independent experiments. (D) Intracellular 
survivin protein expression in fresh G 0 CD34 + cells (R1) and in Go cells (R2) from Figure 2A, harvested after 12 hours' incubation with growth factors. Mean channel 
fluorescence (MCF) of survivin and the percentage of cells staining positive (above isotype control [horizontal bar]) for survivin are shown below each bloL Data represent 1 of 3 
identical experiments. (E) Survivin expression was quantitated in the Ki-67-negative fraction of fresh or cultured G 0 cells from Figure 2C. The MCF for survivin and the 
percentage of survivin-positive cells (above isotype control [horizontal bar]) are shown beneath the blot. Data represent 1 of 3 identical experiments. (F) Total RNAfrom Go cells 
before (R1) and after (R2) growth factor incubation was subjected to real-time RT-PCR to quantify survivin and Ki-67 mRNA expression. GAPDH was used as the internal 
control. Because Ki-67 expression of both samples was extremely low, G t CD34+ cells were used to verify the PCR reaction of Ki-67. The y-axis represents ARn, which 
indicates the magnitude of the signal generated at each cycle. The x-axis shows the reaction cycle. Data represent 1 of 2 identical experiments. 



cytokines, 42 * 43 and inhibition of these pathways results in 
reduction of cytokine action 44 and decreased proliferation of 
normal CD34 + cells. 45 Because inhibition of PI3-kinase/AKT and 
MAPKp 42744 pathways by LY294002 and PD98059, respectively, 
resulted in down-regulation of survivin accompanied by cell 
cycle arrest in cytokine-stimulated AML cells, 46 we used these 
selective inhibitors to determine whether changes in survivin 
expression preceded cell cycle arrest induced by these inhibi- 
tors. CD34 + cells were treated with 1 and 5 u-M LY294002, 20 
and 40 u,M PD98059 or dimethyl sulfoxide (DMSO) for 1 hour, 
followed by incubation with 100 ng/mL each Tpo, SCF, and FL. 

Table 3. Fold increase in survivin and Ki-67 in G 0 CD34+ cells 
after growth factor addition 



0 hours after growth 
factor addition* 



1 2 hours after growth 
factor addition* 



Fold increase survivin protein 




2.1 ± 0.3f(1.9 ± 


0.1)t 


% survivin-positive cells 


4.7 ± 1.4(1.6 ± 0.7) 


32.5 ± 9.3f (40.0 ± 


18.5)t 


Fold increase survivin mRNA 




2.4 ± 0.7* 




Fold increase Ki-67 protein 




0.9 ± 0.1 




% Ki-67 M o aU « cells 


89.9 ± 9.1 


95.2 ± 4.3 




Fold increase Ki-67 mRNA 




0.8 ± 0.3 





Survivin and Ki-67 protein expression (means t SEM from 3 experiments) was 
determined by intracellular flow cytometry; mRNA levels were determined by 
real-time RT-PCR (means ± SD from 2 experiments). Data are expressed as the fold 
increase in survivin and Ki-67 protein or percentage survivin-positive or Kt-67 f *9» Uve 
cells in G 0 CD34 4 cells or in the G 0 CD34 + Ki^"™ cell population (shown in 
parentheses). 

• 1 00 ng/mL each rhTpo, rhFL, and rhSCF. 

fP < .005. 

fRange, 1.42-3.27-fold; n = 2 experiments. 



Survivin expression and cell cycle status were analyzed over 
time by flow cytometry. In control cultures, multivariate stain- 
ing of survivin and DNA in CD34 + cells demonstrated that 
survivin expression was up-regulated in a time-dependent 
manner coincident with cell cycle progression (not shown). The 
PI3-kinase/AKT pathway inhibitor LY294002 (5 |xM) reduced 
survivin expression by 15.2% ± 5.9% and 35.7% ± 11.7% 
(means ± SEM, 3 experiments) at 4 and 8 hours after cytokine 
stimulation, respectively, with no effect on cell cycle pro- 
gression. At 18 hours, survivin expression was reduced by 
44.7% ± 10.3% with a concomitant 57.3% ± 15.5% increase in 
the number of CD34 + cells in Gn/Gi phase (Figure 3 A). Similar 
results were observed with 1 u,M LY294002. CD34+ cell 
viability was greater than 90% in all groups up to 8 hours after 
cytokine addition, but was —85% in cells treated with 1 or 5 \lM 
LY294002 at 1 8 hours. Inhibition of survivin was observed in 
both Gq/G, and S + G 2 /M cells (data not shown). The MAPKP 42744 
inhibitor PD98059 at 20 \iM reduced survivin expression in 
CD34 + cells by 19.1% ± 8.0% at 8 hours, without any effect on 
the ability of CD34 + cells to progress through cell cycle. 
However, at 18 hours, survivin expression was reduced by 
37.0% ± 9.5%, concomitant with an 18.6% ± 11% increase in 
G 0 /G| cells (Figure 3B). Similar results were obtained using 40 
u.M PD98059. Forward and side scatter analysis indicated that 
greater than 90% of cells in all groups remained viable. 
Incubation of CD34+ cells with 20 and 40 |xM PD98059 for 
longer than 24 hours or at concentrations greater than or equal to 
60 u-M for up to 20 hours inhibited survivin up-regulation and 
reduced cell cycle (not shown). Similar to LY294002, inhibition 
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Figure 3. Effects of PI3-kJnase and MAPKP* 2 '* 4 inhibitors on survivin expression 
and cell cycle In CD34+ ceils. CD34+ cells were pretreated with either DMSO, 1 and 
5 ji.M LY294002 (A), or 20 and 40 *iM PD98059 (B), followed by incubation with 100 
ng/ml_ each Tpo.-SCF, and FL. Cells were fixed at 4, 8, and 18 hours after growth 
factor stimulation and analyzed for survivin protein and cell cycle. Percent inhibition of 
survivin expression was calculated as percent reduction of mean channel fluores- 
cence of survivin compared to DMSO control at each time point. Percent increase in 
G 0 /Gi phase cells was calculated based on the increase in G 0 /Gi population over 
DMSO control at each time. Data are shown as means ± SEM of 3 independent 
experiments. *P < .05. 



of survivin up-regulation by PD98059 was observed in S + G 2 /M 
and G 0 /Gi cells (not shown). 

Overexpression of wild-type and antisense survivin cDNA 
in primary mouse bone marrow cells 

Mouse bone marrow mononuclear cells were infected with the 
Telxovirus MIEG3 vector, human, mouse, or antisense-mouse 
survivin. GFP + cells were sorted, collected, and assayed for 
CFU-GM. Approximately 13% of GFP + cells from each group 
were c-kit + , and 0.5% were c-kit + , Sca-1 + . Intracellular staining of 
GFP + cells for survivin indicated that 72.3% ± 3.0% and 
54.9% ± 1 6.3% of human and mouse transduced cells, respec- 
tively, were survivin positive compared with 33.9% ± 1.3% of 
vector control cells, whereas 14.5% ± 1.2% of antisense-mouse 
survivin-transduced cells were positive for survivin (Figure 4 A). 
Western analysis of human or mouse survivin-transduced marrow 
cells confirmed elevated expression of survivin, while reduced 
survivin was observed in cells transduced with an antisense-mouse 
survivin (Figure 4A, insert). The number of proliferating CFU-GM 
was increased 1.7 to 6.2-fold in marrow cells transduced with 
human (301% ± 66% increase, P < .005, 4 experiments) or mouse 
(285% ± 79% increase, P < .01, 4 experiments) survivin, com- 



pared with cells transduced with vector (Figure 4B). Transduction 
of mouse marrow cells with an antisense-mouse survivin construct 
decreased total CFU-GM.by 69% ± 5% (P < .05, 4 experiments). 
Analysis of the proportion of CFU-GM in S phase indicated that 
78.9% ±1.8% (P<.05; 3 experiments) and 77.6% ± 3.0% 
(P < .01, 3 experiments) of CFU-GM transduced with human or 
mouse survivin, respectively, were in S phase, compared with 
vector control (55.0% ± 5.0%) (Figure 4C). Transduction of 
marrow cells with antisense-mouse survivin reduced the proportion 
of S-phase CFU-GM to 42.1% ± 4.7% (P < .05, 3 experiments). 
. Delayed addition of.growth factors for 24. and 48 hours to vector or 
human (h)-survivin-transduced marrow cells resulted in progres- 
sive apoptosis of CFU-GM. However, after normalization for 
CFU-GM enhancement at time 0, 16% to 77% and 61% to 244% 
more CFU-GM (2 experiments) were observed in h-survivin- 
transduced cells after 24 and 48 hours of delayed growth factor 
addition, respectively, than in vector control cultures, suggesting 
that survivin overexpression blocked CFU-GM apoptosis caused 
by cytokine starvation. 



Discussion 

The IAP proteins are the only known endogenous caspase inhibi- 
tors that suppress apoptosis. 47 The IAPs XLAP, c-IAPl , and C-IAP2 
directly bind to and inhibit caspases 3, 7, and 9 via their BIR 
domains. 48 In this report, we demonstrate that in addition to 
survivin, XIAP, c-IAPl, and C-IAP2 are expressed in CD34 + cells; 
however, survivin is the only cytokine-regulated IAP in these cells 
and therefore is the only likely IAP mediating suppression of 
apoptosis by hematopoietic cytokines. Similarly, survivin is the 
only IAP up-regulated by CD40 ligation in B-CLL cells, 49 The 
relationship between survivin and other antiapoptotic molecules 
that play a role in hematopoietic cells, such as Bc^, 50 * 51 is not 
known. Both proteins are up-regulated in breast cancer cells, 52 and 
their expression can be regulated by the tumor suppressor gene 
p5 3. 52,53 Whether there is a direct link between the Bcl2 family 
members and survivin or, given the importance of apoptosis, that 
their effects are independent, remains to be determined. 

Since the original reports that cancer cells and embryonic 
tissues, but not normal adult tissues, express survivin, 10 * 15 - 54 others 
and we have described survivin expression in normal adult cells. 
Survivin expression is not observed in resting endothelial cells but 
is up-regulated in a cell cycle-dependent manner 55 by vascular 
endothelial growth factor 55 * 56 or angiopoietin-1. 57 The murine 
homolog of survivin, Tiap, is induced in T lymphocytes activated 
by mitogens." We previously reported that survivin is expressed 
and growth factor regulated in normal adult CD34 + cells and T 
lymphocytes in all phases of cell cycle. 18 Because it is apparent that 
survivin is expressed in proliferating cells, the questions of whether 
survivin expression in CD34 + cells is cytokine regulated or simply 
reflects cell division and cell cycle progression and whether 
survivin expression affects proliferation and cell cycle of normal 
hematopoietic cells are raised. To address these questions, we 
examined survivin expression in CD34 + cells relative to the cell 
cycle markers Ki-67, cyclin D, and underphosphorylated-Rb and in 
Hst low , PY l0W , CFSE bn e ht G 0 CD34 + cells relative to Ki-67 expres- 
sion. We also investigated the effects of PI3-kinase/AKT and 
MAPIO* 427 ? 44 pathway inhibitors on survivin expression and cell 
cycle in CD34 + cells. Finally, we introduced survivin cDNA into 
primary mouse bone marrow cells and examined the effects of 
modulating survivin expression on cell cycle and proliferation of 



BLOOD, 1 OCTOBER 2002 • VOLUME 100, NUMBER 7 



SURVIVIN AND CELL CYCLE IN CD34+ CELLS 2469 



A B C 




Figure 4. Retrovirus transduction of IRES-EGFP control (control), human survivin IRES-EGFP (h-survivln), mouse survivin IRES-EGFP (m-survivin), and antisense 
survivin-IRES-EGFP (AS-m-survivin) Into primary mouse bone marrow cells. (A) GFP-positive bone marrow mononuclear cells in each transduced group were FACS 
sorted and the percentage of survivin-positive cells was determined by flow cytometry after staining with PE-antisurvivin antibody. Data are expressed as means ± SEM from 2 
experiments. Western analysis for survivin in GFP+ mononuclear cells from each transduced group is shown in the insert. The same filter was stripped and reprobed with 
antihuman actin antibody as a loading control. Cross-reactivity of this antibody to mouse has been validated by the manufacturer. (B) CFU-GM production in transduced mouse 
bone marrow cells. Ten thousand GFP-positive marrow mononuciearcells were cultured in soft agar with 10 ng/mL rmGM-CSF and 50 ng/mL'rmSCF and CFU-GM quantitated 
after 7 to 10 days at 37'C, 5% C0 2 , 5% 0 2 in air. The average number and SEM of CFU-GM from triplicate plates of 4 individual experiments are shown. Combined data from all 
4 experiments are shown in the insert. Retrovirus harboring human survivin was used in experiments 1 , 3, and 4. Mouse survivin was used in experiments 2, 3, and 4. Vector 
backbone and anti sense-mouse survivin were used in all 4 experiments. *P < .005; "P < .001 . (C) The proportion of CFU-GM in S phase of the cell cycle was determined by 
thymidine suicide with high specific activity [ 3 H]thymidine. Data are the averages ± SEM of 3 independent experiments. 



myeloid progenitor cells. Up-regulation of survivin expression in 
CD34 + cells by hematopoietic growth factors was coincident with 
up-regulation of phosphorylated Rb, D cyclins, and Ki-67, indicat- 
ing that survivin expression parallels cell cycle progression. 
Multivariate intracellular staining of survivin, Rb, Ki-67, cyclin D, 
and DNA in CD34 + cells upon growth factor stimulation demon- 
strated that survivin is up-regulated not only in underphosphorylated- 
Rb negativ^ cyc ii n Tjp<*itiv^ and KI-67P ositive cells, but also in the 
underphosphorylated-RbP 05 ^ 6 , 5 - 38 - 40 - 58 - 60 cyclin D™*"™ 33 " 35 and 
K j. 67 nc S ativ C 33,34 j6,37 ce n s> isolation of G 0 CD34 + cells sorted based 
on Hoechst 33342/Pyronin Y and staining with CFSE before 
incubation with^growth factors indicated that survivin mRNA and 
protein are up-regulated in cytokine- stimulated G 0 CD34 + cells 
that had not yet up-regulated Ki-67 and had not yet divided. These 
data demonstrate that survivin is up-regulated in CD34 + cells by 
growth factors during G 0 before cells enter Gi and that survivin 
expression is specifically regulated by growth factors in CD34 + 
cells and not merely a consequence of cell cycle progression. 

We have previously shown that like cancer cells, survivin 
expression in CD34 + cells is highest during G 2 /M. 18 Our present 
study clearly demonstrates that unlike cancer cells, survivin 
expression is up-regulated in quiescent CD34 + cells following 
growth factor stimulation before cell cycle entry. This raises the 
question of whether survivin expression in quiescent CD34 + cells 
is unique to normal hematopoietic cells. Murine survivin (TIAP) 
mRNA has been demonstrated in quiescent T cells, though its 
expression was low." In addition, survivin up-regulation in synchro- 
nized NIH3T3 cells following 12 hours* serum stimulation was 
observed, where greater than 90% of the cells still remained in 
Gq/Gi without any increase in S + G 2 /M cells. 11 These studies 
indicate that survivin expression is observed before cell cycle entry 
in nonhematopoietic cells. Li et al, who reported the specific 
expression of survivin during G 2 /M in HeLa cells, used cell cycle 
synchronization and Northern and Western analyses 15 to demon- 
strate that treatment of HeLa cells with mimosine reduced survivin 
expression coincident with G| arrest. Failure to detect survivin 
expression in G| -arrested cells might be due to the methodology 
employed. We used real-time RT-PCR and intracellular flow 
cytometry to demonstrate G 0 expression of survivin mRNA and 
protein, which are more sensitive. Furthermore, survivin inhibition 



by mimosine could be due to a direct effect on survivin expression 
rather than an effect on cell cycle arrest. 

The selective PI3-kinase/AKT pathway inhibitor LY294002 
and MAPKP 427 !* 4 pathway inhibitor PD98059 significantly blocked 
up-regulation of survivin expression by growth factors in CD34 + 
cells. Survivin protein expression decreased in the absence of any 
effect on cell cycle progression or cell viability, at least during the 
initial 8 hours, although there was reduction of cell cycle progres- 
sion after longer exposure. Most importantly, these compounds 
inhibited up-regulation of survivin expression before an arresting 
effect on cell cycle was observed. If survivin expression were a 
result of cell cycle progression, reduction of survivin would be 
accompanied by cell cycle arrest. Although we did not analyze 
changes in the proportion of G 0 and G| cells, these data strongly 
suggest that survivin expression in CD34 + cells is regulated by 
growth factors and is not merely a consequence of cell cycle 
progression. These findings also indicate that both the PI3 -kinase/ 
AKT and MAPK^p 44 pathways are involved in cytokine regula- 
tion of survivin expression in normal CD34 + cells, which is 
consistent with the involvement of these pathways in regulating 
survivin expression in AML cells. 46 

Overexpression of human or mouse survivin cDNA in primary 
mouse bone marrow cells dramatically enhanced CFU-GM prolif- 
eration and the proportion of CFU-GM in S phase of the cell 
cycle. An antisense-mouse survivin construct had the opposite 
effect. These findings indicate that modulating survivin expression 
modulates proliferation and cell cycle of primary hematopoietic 
progenitor cells. Although we did not quantitate survivin protein 
levels in survivin or antisense survivin-transduced CFU-GM due 
to technical limitations, an increase in survivin-positive marrow 
cells could be quantitated by flow cytometry following transduc- 
. tion with human or mouse survivin. A decrease in survivin-positive 
cells was observed following transduction with antisense mouse 
survivin. A similar trend in survivin protein expression in trans- 
duced primary marrow cells was observed by Western analysis. In 
addition, following transduction of these same MIEG3 constructs 
into BaF/3 cells, elevated protein levels of h-survivin (237%-466% 
increase, 3 experiments), mouse (m)-survivin (118%-287% in- 
crease, 3 experiments), and antisense-m-survivin (9%-25% de- 
crease in survivin protein levels, 3 experiments) were observed. 
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Survivin has been shown to interact with cdk4, and overexpression 
of survivin enhances Rb phosphorylation in hepatoma cells by 
releasing pl6 INK4a and p 21 w afi/cipi from the c dk4/p 1 6 1NK4a and 
cdk4/p2l WAFI/CIPI complexes, respectively. 4 - 22 ' 24 This suggests that 
survivin promotes cell cycle progression by inactivating the 
p j 6iNK4a/Rfc pathway, a finding consistent with our observation that 
overexpression of survivin enhances the cell cycle rate of primary 
mouse CFU-GM. Because survivin is an antiapoptotic protein, it is 
possible that the enhanced CFU-GM proliferation observed follow- 
ing survivin transduction results from increased CFU-GM survival. 
This is consistent with reduced apoptosis of survivin-transduced 
CFU-GM observed in cultures in which growth factor addition was 
delayed. However, this does not adequately explain the increase in 
the proportion of S-phase CFU-GMs observed following survivin 
transduction. There is no reason to assume that enhanced CFU-GM 
survival means that the additional surviving cells are in S phase. 

In conclusion, we have provided evidence demonstrating that 
survivin expression in CD34 + cells is growth factor regulated and 
not a consequence of cell cycle progression. First, survivin is 



up-regulated in CD34 + cells that are underphosphorylated RbP 08 "'^, 
Ki-67 n ^ tivc , and cyclin-D ncEative , that is, quiescent cells. Second, 
survivin up-regulation by growth factors occurs in G 0 CD34 + cells 
before these cells enter G|. Third, inhibition of survivin by 
selective PI3-kinase/AKT and MAPRp 42744 pathway inhibitors 
occurs before cell cycle arrest. Finally, survivin overexpression 
enhances and antisense survivin reduces cell cycle rate and 
proliferation of CFU-GM. Taken together, these data demonstrate 
that survivin expression is specifically regulated by growth factors 
in quiescent CD34 + cells and strongly suggest that up-regulation of 
survivin is. an early .and important event for cell cycle entry and 
proliferation of normal hematopoietic stem and progenitor cells. 
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Transgenic BDF-1 mice harboring an inducible, tis- 
sue-specific transgene for RNA antisense to Ga q provide 
a model in which to study a loss-of-function mutant of 
Ga in vivo. Ga q deficiency induced in liver and white 
adipose tissue at birth produced increased body mass 
and hyperadiposity within 5 weeks of birth that per- 
sisted throughout adult life. Ga q -deficient adipocytes 
display reduced lipolytic responses, shown to reflect a 
newly discovered, a x -adrenergic regulation of lipolysis. 
This aj-adrenergic response via phosphoinositide hy- 
drolysis and activation of protein kinase C is lacking in 
the Ga q loss-of-function mutants in vivo and provides a 
basis for the increased fat accumulation. 



Heterotrimeric G-proteins (G-proteins) 1 mediate transmem- 
brane signaling from a populous group of cell-surface receptors 
to a lesser group of effector molecules that includes adenylyl 
cyclase, phospholipase C, and various ion channels (1). G-pro- 
teins have been shown to regulate complex biological processes, 
including cellular differentiation (2, 3), neonatal development 
(4-6), and oncogenesis (7). The expression of Ga D , for example, 
is highly localized to the growth cones of developing neurites 
(2). Suppression of Ga Q expression provokes the collapse of 
developing growth cones (8), whereas expression of constitu- 
tively active mutants of Ga 0 promote increased expression of 
neurites (9). In adipogenesis of 3T3 LI embryonic fibroblasts, 
Ga s acts as a suppressor (2). Inducers of differentiation stim- 
ulate a sharp decline in Ga s levels, and constitutive expression 
of Ga s blocks induction of differentiation (2). Gat i2 has been 
shown to regulate the progression of embryonic stem cells to 
primitive endoderm (4), acting via phospholipase C (PLC) and 
protein kinase C to suppress progression (10). The morphogen 
retinoic acid induces primitive endoderm by stimulating a 
sharp decline in Ga i2 (4). Mimicking the decline with oligode- 
oxynucleotides antisense to Ga i2 provokes progression in the 
absence of retinoic acid (4, 10). Study of G-proteins in vivo is a 
formidable task. The role of Ga i2 in vivo has been studied 
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through inducible, tissue-specific ablation by antisense RNA (5, 
6) and gene inactivation by homologous recombination (11). 
Deficiency in Ga i2 leads to a runted phenotype (5, 6, 11), insulin 
resistance (12), and for the transgenic mice with the inacti- 
vated Goi 2 gene, ulcerative colitis and adenocarcinoma of the 
colon (11). 

Little is known about the role of G-proteins of the G q family 
in vivo. Two highly homologous members of the G q subfamily of 
G-proteins, Ga q and Ga llt can stimulate PLC and are insensi- 
tive to pertussis toxin (13-17). Ga n have been shown to medi- 
ate growth in fibroblasts in response to bradykinin and throm- 
bin (18), hypertrophy in cultured neonatal ventricular 
myocytes (19), and transformation in NIH 3T3 cells (20). In the 
current work, we employ conditional, tissue-specific expression 
of RNA antisense to Ga q in transgenic mice to explore the role 
of this G-protein in vivo and more specifically in white adipo- 
cytes made deficient of Ga q . 

EXPERIMENTAL PROCEDURES 

Reagents and Supplies— [ 3 H] cyclic AMP, TOdCTP, [r 32 P!ATP, 
[ 3 H]inositol 1,4,5-trisphosphate (IP 3 ), Gene Screen Plus, and anti-Ga i3 
antibodies (EC2) were purchased from Dupont NEN. All other reagents 
were purchased from Sigma or standard suppliers (5). 

Mice— The B6D2F1 (BDF1) strain of mice was purchased from Tac- 
onic Farms Inc. and handled in accordance with the guidelines estab- 
lished by the Institutional Animal Care and Use Committee at the State 
University of New York at Stony Brook. 

Experimental Design of the Antisense RNA Strategy— The pPCK- 
ASGa expression vector was constructed as described below using 
standard techniques. In order to insert the antisense sequence at the 
Bglll site within the first exon of the phosphoenolpyruvate carboxyki- 
nase (PEPCK) gene, the 7.0-kb PEPCK gene was subcloned as a 1.0-kb 
£coRI///mdIII and a 5.8-kb ifmdIII/BamHI fragment into the vector 
pGEM7Zfv+) (Promega). The vector harboring the 1.0-kb gene fragment 
was digested with Bglll, and the restriction ends were made flush using 
the Klenow fragment. The 39-bp antisense sequence was obtained 
within a 235-bp NheVSstl fragment excised from the vector pLNC- 
ASGa i2 (4). The restriction ends of this fragment were filled-in, ligated 
with the Bg/II-digested gene fragment, and used to transform XL-1 
Blue strain of Escherichia coli (Stratagene) under selection with ampi- 
cillin. Plasmids with the 1.2-kb fragment and an insert oriented to 
produce antisense RNA were identified by direct DNA sequencing. The 
1.2-kb fragment containing the antisense sequence was digested with 
SacII and C/al (sites present in the 235-bp sequence harboring the 
antisense sequence), and a 59-bp oligomer containing the sense se- 
quence to Ga q (-33 to +3) flanked by restriction enzyme sites for Bell 
(5') and Sallls') was ligated via force cloning into the SacII and Clal 
sites. Insertion of the oligomer was confirmed by restriction digest 
analysis with Bell and Sail. The presence of unique restriction sites 
within the 235-bp fragment facilitates the removal and insertion of 
different antisense sequences in a cassette-like fashion. The 1.2-kb 
fragment containing the antisense sequence was excised and ligated 
into the plasmid harboring the 5.8-kb gene fragment to produce the 
7.0-kb pPCK-ASGa q construct. In addition, the synthesis of primers 
complimentary to the flanking ends of the 235-bp insert allows for 
discrimination between the pPCK-ASGa q RNA and the endogenous 
PEPCK RNA in subsequent reverse transcription-PCR amplification 
reactions (see below). 

In choosing the antisense RNA target sequence, we had to consider 
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the large degree of nucleotide identity among the G-protein or-subunits 
within their respective open reading frame regions. This prompted us to 
look for unique target sequences within the 5'- and 3'-untranslated 
regions of the Ga q mRNA. The 36 nucleotides immediately upstream of 
"a*d including the translation initiation codon were chosen to serve as 
the antisense target sequence. This 39-base pair sequence (5'-CGCGC- 
CGGCGGGGCTGCAGCGAGGCACTTCGG AAG AATG-3 ') did not show 
anv significant homology with sequences present in the GenBank 
data base, including Ga n (33% homology) and Ga 34 (27% homology). 

Cell Culture and Transfection—VTO-2K cells were cultured in a 5% 
CO 95% 0 2 chamber and maintained in Ham's F-12/Dulbecco's mod- 
ified Eagle's medium (1:1) supplemented with 10% fetal bovine serum. 
Cells were cotransfected with a plasmid that would allow for neomycin 
selection of positive transfectant clones. The control vector or pPCK- 
ASGa construct was added in 5-fold excess relative to the plasmid 
containing the selectable marker. Transfection was carried out using 
the Lipofectin reagent (Life Technologies, Inc.) according to the manu- 
facturer's protocol. 

Detection of Antisense RNA Expression-Total RNA was extracted as 
described previously (4). One microgram of total RNA was reverse 
transcribed using a pPCK-ASGa q -specific downstream primer and then 
PCR-amplified in the presence of both the upstream and downstream 
primer set according to the manufacturer's protocol (Perkin-Elmer). 
The sequences for the upstream and downstream primers were 
dCGTTTAGTGAACCGTCAGA and dAGGTGGGGTCTTTCATTCCC, 

respectively. . „ . 

Production of Transgenic Mice-Transgenic lines of mice were pro- 
duced at the Transgenic Mouse Facility at SUNY Stony Brook using 
standard techniques (5, 6). Briefly the pPCK-ASGa q construct was 
excised free of vector sequences and purified prior to microinjection into 
single-cell preimplantation embryos. Microinjected embryos were then 
transferred to pseudopregnant females. Offspring carrying the trans- 
gene were identified by PCR amplification and subsequent Southern 
analysis using a pPCK-ASGa q .specific probe uniformly labeled with 
[ 32 P]dCTP (5). Five separate founder lines were identified by boutnem 
analysis and bred over 10 generations (5). 

White Adipocyte Isolation— White adipocytes were isolated from ep- 
ididymal and parametrial fat pads by collagenase digestion, as de- 
scribed previously (5). Briefly, 0.5-1.0 g of adipose tissue was exased 
from male and female mice, weighed, and added to an equal volume of 
Krebs-Ringer phosphate buffer (KRP) containing 3% bovine serum al- 
bumin (KRP/BSA), prewarmed to 37 °C. The tissue was digested for 1 h 
using collagenase (1 mg/ml) at 37 °C in an orbital, shaking water bath. 
The isolated adipocytes were washed twice with the KRP/BSA buffer 
and then resuspended to a final volume to achieve 62.5 mg of wet weight 
of packed adipocytes/ml in the same buffer. The KRP/BSA buffer was 
supplemented with adenosine deaminase at a concentration of 0.5 

Um Cwlic AMP Accumulation and Lipolysis— Briefly, collagenase-di- 
eested white fat cells from epididymal and epoophoronal pads were 
incubated at 37 °C in KRP buffer supplemented with 3% bovine serum 
albumin and adenosine deaminase (0.5 unit/ml) for 30 min in the 
absence or presence of the drugs indicated. For lipolysis determina- 
tions the assays were terminated with 0.65 n HC10 4 . Samples were 
deproteinized and neutralized with KOH/KCl/imidazole (2.6/0.52/0.52 
M respectively) and the glycerol content determined by measuring the 
reduction of NAD + to NADH in a coupled assay. NADH production was 
assayed using a microplate fluorometer set to an excitation wavelength 
of 360 nm and an emission wavelength detection of 460 nm. The mass 
of glycerol per sample was extrapolated from a standard curve of stock 
elvcerol Cyclic AMP accumulation was measured using a competitive 
binding assay. Briefly, 80 ul of fat cells (-5 mg/tube) were treated with 
various agents for 6 min at 37 °C. The reaction was stopped by the 
addition of HC1 (0.1 n final) and boiling for 1 min. The samples were 
neutralized with NaOH and assayed for cyclic AMP content Cyclic 
AMP accumulation was measured in adipocytes stimulated with either 
phenylephrine, epinephrine, norepinephrine, or isoproterenol The data 
are expressed as the mean values in picomoles of cyclic AMP (±S.E.) per 
million cells from three independent trials, each performed in triplicate. 

IP S and lJ-sn-Diacyglycerol (DAG) Accumulation— Cells were incu- 
bated with the indicated agents and the IP 3 measured as described 
previously (21). DAG was determined using the DAG kinase assay (10). 
The data are expressed as the mean values in nanomoles (±S.E.) per 
million cells from three independent trials, each performed in triplicate 

G-protein Immunoblot Analysis— Membrane fractions were prepared 
from rat hepatoma FTO-2B cells, as described previously (5). Cell mem- 
branes were prepared from adipose tissue of transgenic mice and their 
control littermates (5). Aliquots of cell membrane were subjected to 



SDS-polyacryl amide (10% acrylamide) gel electrophoresis, and the sep- 
arated proteins were transferred to nitrocellulose blots. The blots of the 
membrane proteins were probed with anti-peptide antibodies specific 
for Ga (antibodies E973 and E976), Ga i2 (antibody CM 112), Ga s (an- 
tibody CM129), Gj3 2 (antibody CM162), Ga n (antibody E976), or Ga i3 
(antibody EC2), and the immune complexes were made visible by stain- 
ing with a calf alkaline phosphatase-conjugated, goat anti-rabbit IgG 
second antibody (4, 5). The "CM" antibodies were prepared by our 
laboratory (4, 5). 



RESULTS AND DISCUSSION 
Defining the role of a specific G-protein subunit, like Ga q) in 
vivo is a formidable task. We adopted the strategy of condi- 
tional, antisense RNA to ablate Ga q in vivo in a tissue-specific 
manner, creating loss-of-function mutants in adipose and liver, 
prominent sites of Ga q expression. The degree of nucleotide 
identity among the G-protein a-subunits within the open read- 
ing frames dictated selection of the 5' -untranslated region im- 
mediately upstream and including the ATG initiator codon 
(-33 to +3) as the antisense RNA sequence targeting Ga q (Fig. 
1). This region is unique with respect to sequences with the 
GenBank™ data base and does not share significant homology 
with other G-protein a-subunits (Fig. 1A), including other 
members of the G q family, Ga xl (33% homology with respect to 
Ga q ) and Ga 14 (27% homology with respect to Ga q ). A double- 
stranded oligodeoxynucleotide fragment antisense to Ga q was 
inserted into Bell and Sail sites of the pPCK-AS vector (Fig. 
US), an inducible expression vector driven by the promoter of 
the PEPCK gene (5, 6). Screening of FTO-2B hepatoma cells 
stably transfected with pPCK-ASGa q was performed from day 
0 to day 12 following induction of the promoter with the chlo- 
rophenylthio analogue of cyclic AMP (CPT-cyclic AMP, 25 u.m). 
Immunoblots reveal that levels of Ga i2 , Ga s , and G/3 2 were 
unaffected by induction of pPCK-ASGa q , while staining with 
an antibody to Ga q displayed a 54% loss by day 6, and 86% loss 
of Ga by day 9 following induction (Fig. 1C). By day 12 of the 
induction with CPT-cyclic AMP, Ga q was not detectable in the 
immunoblots of FTO-2B cell membranes. Induction of the 
pPCK-SGa q vector, harboring the sense as compared to anti- 
sense sequence for Ga q , resulted in a null phenotype, i.e. Ga q 
expression was normal. Ga q activates PLC-/3 in the liver (12- 
16) and suppression of Ga q in FTO-2B hepatoma cells reduced 
basal PLC activity from 2.7 ± 0.6 to 1.0 ± 0.3 (p ^ 0.05 for 
difference) and abolished PLC stimulation in response to either 
10 n M angiotensin II (0.9 ± 0.3) or 10 norepinephrine 
(0.95 ± 0.2), as determined by mass assay of intracellular IP 3 
accumulation at 30 s following hormonal stimulation (n = 5, 
pmol of IP 3 accumulation/fxg of cellular protein). 

The pPCK-ASGa q construct was excised as a 7.0-kb EcoRI- 
BamUl fragment, microinjected into single cell, preimplanta- 
tion embryos, and the microinjected embryos were transferred 
into pseudopregnant recipients. BDF1 mice harboring the 
transgene were identified by PCR of tail DNA. Five independ- 
ent founders were identified from two rounds of microinjection 
and implantation. Five separate founder lines have been prop- 
agated for more than 10 generations. Immunoblots of crude 
membranes from fat, liver, brain, and lung subjected to SDS- 
PAGE and stained with a Ga q -specific antiserum reveal the 
near absence of Ga q in the tissues, fat and liver, targeted by the 
transgene (Fig. ID). Immunoblots of brain and lung, tissues not 
targeted by the PEPCK vector, displayed normal levels of Ga q 
(Fig. IE). Expression of Go^, Gj3 2 , and Ga u (not shown) were 
not significantly altered in the transgenic mice. 

Necropsy and histology of the transgenic mice were per- 
formed. Prominent was the increase in body weight observed in 
the mice harboring the pPCK-ASGa q transgene (Fig. 2A). By 5 
weeks of age, the transgenic mice were >135% of the body 
weight of their control littermates, for both male and female 
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Fig. 1. Ga expression is suppressed in hepatoma cell stably 
transacted with pPCK-ASGa q and in mice harboring the pPCK- 
ASGa transgene. Comparison of the 5 '-untranslated region from Ga q 
(nucleotides -33 to +3) with Ga 14 and Gor n , additional members of the 
G family (panel A). The pPCK-ASGcr construct for inducible expres- 
sion of RNA antisense to Ga q {panel B). The 36-nucleotide sequence 
upstream of and including the translation initiation codon was inserted 
into the first exon of the rat phosphoenolpyruvate carboxykinase gene 
(PCK) to provide a 2.8-kb hybrid pPCK-ASGa q antisense RNA, driven 
by a promoter which is silent in utero and activated at birth. Crude 
membranes (0.2 mg of protein/SDS-polyacrylamide gel electrophoresis 
lane) were prepared from rat hepatoma FTO-2B cells that were stably 
transfected with the pPCK-ASGcr q construct and induced with CPT- 
cyclic AMP for 0, 6, 9, and 12 days, subjected to SDS-polyacrylamide gel 



mice alike (Fig. 2B). Progeny of the five founder lines harboring 
the transgene all display the increased body weight (not 
shown). The fat mass at 4 weeks after birth increased by 50% 
in the transgenic mice (Fig. 2C). At 8 weeks of age, the white 
epididymal and epoophoronal fat mass of the transgenic mice 
was 1.75-fold greater than that of the control mice. Segregated 
by gender for males, white fat mass (mg) was 215 ± 5 and 
333 ± 8 (n = 5,p ^ 0.05) for 12-week-old control and transgenic 
mice, respectively. For females, white fat mass was 160 ± 10 
mg and 303 ± 8 mg (n = 6, p ^ 0.05) for 12-week-old control 
and transgenic mice, respectively. By 24 weeks, the transgenic 
mice displayed a 1.4-fold increase in fat mass, and the percent- 
age of whole body weight as fat mass was 2.3 ± 0.2 as compared 
to 1.1 ± 0.3 (n = 6) for control mice (Fig. 2C). Total body protein 
and nasal-anal length were unaffected by the presence of the 
transgene over this same range in age (not shown). Equally 
notable was the dramatic increase in adiposity, i.e.. fat cell 
number, that occurred in the transgenic mice lacking Ga q 
expression in adipose tissue (Fig. 2D). 

To assess the effects of Ga q deficiency on cell signaling, we 
investigated the adipocytes isolated from transgenic mice and 
their control littermates. PLC-/3 signaling by loss-of-function 
Ga -deficient white adipocytes was virtually abolished, Le. IP 3 
and DAG accumulation in response to norepinephrine, vaso- 
pressin, phenylephrine, or bradykinin (all hormones that acti- 
vate PLC) was markedly attenuated (Fig. 3, A and B y respec- 
tively). Suppression of Ga q in adipocytes of the pPCK-ASGa q 
mice and the stably transfected hepatoma cells abolished PLC 
activation by a variety of hormones (Figs. 1 and 3). This loss of 
signaling in Ga q deficiency occurs, although expression of the 
Ga u subunit was found to be normal (not shown). Both Ga q 
and Ga n are expressed in a number of tissues (12-14), includ- 
ing fat and liver. The observations from the present study 
suggest that Ga q and Ga n may not be redundant with respect 
to PLC activation in vivo. 

Since PLC activation and accumulation of either IP 3 or DAG 
have not been implicated in controlling lipolysis, the pharma- 
cology of the lipolytic response observed in the Gor q -deficient 
adipocytes came as a great surprise (Fig. 3C). The lipolytic 
response to a mixed cr- and j3-adrenergic agonist norepineph- 



electrophoresis, transferred to nitrocellulose blots, and probed with 
rabbit polyclonal antisera specific for the G-protein subunits indicated 
(5, 6). Immunecomplexes were made visible with goat anti-rabbit IgG 
coupled to calf alkaline phosphatase and colorimetric development 
{panel C). Crude membranes were prepared from epididymal and 
epoophoronal white fat and liver {panel D) and brain and lung {panel E) 
tissues obtained from 24-week-old control (C) and transgenic (D mice. 
Samples (15 m€ of protein/lane) were subjected to SDS-polyacrylamide 
gel electrophoresis on a mini-gel apparatus and transferred to nitrocel- 
lulose for immunoblot analysis of various G-protein subunits, as de- 
scribed earlier (5, 6). For immunoblotting, the sample loading was 
limited to 15 fig/lane, within the range established for linearity between 
sample loading and quantification of immunostaining (not shown). 
Quantification of the blots revealed no significant change in the G- 
protein subunits tested between control and transgenic mouse tissues, 
with the exception of the loss of Ga q in liver and fat tissues. Expression 
of Ga 8 was normal in liver and fat, although reduced «15%) occasion- 
ally in fat, but not liver, of some transgenic mice (not shown). Scanning 
densitometry values for immunoblots of fat tissue from control and 
transgenic mice, respectively, were as follows: Ga q , 0.26, 0.01; Ga., 0.92, 
0.88; Gj3, 0.31, 0.33; and Ga^, 0.72, 0.75 arbitrary OD units. Scanning 
densitometry values for immunoblots of liver tissue from control and 
transgenic mice, respectively, were as follows: Ga q , 0.51; 0.02; Ga„ 0.68, 
0.64; GJ3, 0.27, 0.25; and Go^, 0.22, 0.25 arbitrary OD units. Scanning 
densitometry of immunoblots from brain and lung revealed no signifi- 
cant differences in the values obtained with tissues from transgenic as 
compared to control mice (not shown). The antibodies employed for 
staining of immunoblots for specific G-proteins subunits were as fol- 
lows: E973 for Ga q ; CM112 for Ga^; CM129 for Ga„; E976 for Go n ; and 
CM162 for G02. 
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Fig 2. Suppression of Ga q expression by RNA antisense to G« q causes increased body weight and fat mass. The pPCK-ASGor 
transgenic mice have increased body weight {panels A and B), increased white fat mass (panel CI and increased adiposity (panel Five founders 
and the progeny of each of the founder lines for 10 generations were maintained and propagated by independent outbreeding to » BDF1 control mice. 
The five founders and all members of their lineages at each generation display this phenotype (see Table I). In all cases, the data displayed were 
obtained from members of at least three of the five founder lines. Transgenic mice and their littermate controls were analyzed at ages spanning 
3-24 weeks The data are expressed as the mean values ± S.E. from at least six animals for each age group, transgenic and control alike Fecundity 
and litter size were no different in the transgenic as compared to control mice. Mice shown in panel A were 12-week-old i males, left-hand panel, 
Z^Touse and right-hand panel, control mouse. Panel B, the body weight of pPCK-ASGa q transgenic mice and their control littermates 
seerSd by sex Panel C, the fat pad mass of pPCK-ASG« q transgenic mice and their control littermates, pooled from male and female mice at 
thfa|es indicated for the sake of simplicity. Pair-feeding of the animals did not diminish the obese character of the ^f^™;"^*™™ 
dimensions were not altered in the transgenic as compared to control mice. Adiposity was measured by determining the total white fat cell number 
from ^agenase-digested, isolated epididymal and epoophoronal fat pads of single transgenic mice and paired, littermate controls, by cell counting 
usW a he m^meter Throughout this work, statistical analysis was performed using the Student's t test. An asterisk denotes statistical 
significance with p ^ 0.05 for the difference between the mean values for transgenic (Ga q -deficient) as compared to control mice. 



rine was blunted in the Ga q -deficient adipocytes. Lipolysis in 
response to the 0-adrenergic agonist isoprenaline was im- 
paired, whereas the response to the o^-adrenergic agonist 
phenylephrine was abolished in the loss-of-function mutant 
cells. These results were unexpected, since neither a direct role 
of Ga in activating adenylyl cyclase nor the existence of a 
prominent a 1 -adrenergic stimulation of lipolysis have been re- 
ported. Analysis of cyclic AMP accumulation provided direct 
proof linking loss of Ga q to impaired lipolysis in response to 
0-adrenergic stimulation (acting via adenylyl cyclase) as well 
as to ^-adrenergic stimulation (acting via PLC). Forskolin (10 
^-stimulated cyclic AMP accumulation, in contrast, was ac- 
tually elevated in the Ga q -deficient as compared to control 
adipocytes (125 ± 15 and 160 ± 5 pmoVIO 6 cells, respectively). 
Forskolin (10 ^-stimulated lipolysis was equivalent in trans- 
genic and control mice (14.1 ± 2.9 and 13.9 ± 0.8 /xmol of 
glycerol release/10 6 cells, respectively), as were the abundance 



of 0-adrenergic receptors (140 ± 4 and 133 ± 9 fmol/mg of 
protein, respectively) in crude adipocyte membranes and the 
amounts of cyclic AMP phosphodiesterase activity (1.33 ± 0.02 
and 1.32 ± 0.09 pmol/min/mg of protein, respectively) in ex- 
tracts of whole fat pads. 

In the Ga q -deficient cells, the impaired lipolytic response 
stimulated by norepinephrine was sensitive to the strict 0-ad- 
renergic antagonist propranolol, reflecting a residual 0-adre- 
nergic, cyclic AMP-mediated response (Fig. 4A). Adipocytes 
from control mice display sensitivity to both propranolol and 
the a r adrenergic antagonist prazosin. The former reflects the 
0-adrenergic response acting via cyclic AMP, while the latter 
reflects this newly discovered o^-adrenergic response first de- 
tected through its loss in the Ga q -deficient cells. Vasopressin (1 
jam), which activates PLC, also stimulated lipolysis in adipo- 
cytes from control mice 1.8-fold over basal. The aj-adrenergic 
stimulation of lipolysis was abolished by prazosin, but not by 
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Fir 3 AdiDocvtes from pPCK-ASGa 0 transgenic mice display ]oss-of-f unction with respect to activation of PLC and a -adrenergic 
reStlaUoJ ^onlpolysL White adipocytes were isolated from epididymal and epoophoronal fat of transgenic mice and control ^termates by 
Senase d^esSon Accumulation of IP 3 (panel A) and DAG (panel B) at 30 s following stimulation by 1 fOi agonist (NOR ^epinephrine VAS O 
va S BRADY, bradykinin) were measured in cells from mice 18-24 weeks of age. Intracellular IP 3 accum ^ n ^ 

ZZTeTbythe mass assay employing the rabbit cerebellar IP 3 -binding protein. DAG was assayed using a DAG kinase assay flowed by 
thuXer chromatographic separation of radiolabeled phosphate generated by the reaction. The DAG mass was calculated from a standard 1 curve 
^^StotoDAa Upolysis (panel C) and cyclic AMP accumulation (panel D) were measured in cells isolated from transgenic and control juice 
^c^B^diSu^^it varying concentrations of the mixed «- and ^-adrenergic agonist norepinephrine (NOR), 

^Z^T(1S0) or^e a-adreSrgic agonist phenylephrine (PHEN) for 15 min (cyclic AMP accumulation) or 60 nun (hpolysis via glycerol 
reS For cyclic AMP determinations, the assays were terminated at 15 min, and the accumulation of intracellular *cfac AMP measured using 
Tcompetrnve biding assay with bovine adrenal cyclic AMP binding protein. The data presented are mean values ± SE. from at leastthree 
lep^e^Hmend, each performed on separate occasions. An as terisk denotes statistical significance withp * 0.05 for the difference between 
the mean values for transgenic (Ga q -deficient) as compared to control mice. 



propranolol (Fig. 4B). The loss-of-function Ga q -deficient cells, 
in contrast, have essentially lost the lipolytic response to phen- 
ylephrine stimulation. 



Although Ga q is not known to regulate adenylyl cyclase 
directly, the loss-of-function Ga q mutants displayed impaired 
^-adrenergic stimulation of cyclic AMP accumulation and lipol- 
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Fig. 4. The pharmacology of the adrenergic lipolytic response 
reveals the existence of an ^-adrenergic stimulatory pathway, 
absent in the Ga q -deficient loss-of-function mutants. White adi- 
pocytes were isolated from transgenic mice and their control littermates 
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Fig. 5. Adipocytes from pPCK-ASGor q transgenic mice display 
loss of function with respect to activation of protein kinase C 
following challenge with norepinephrine. White adipocytes were 
isolated from epididymal and epoophoronal fat of transgenic mice and 
control littermates by collagenase digestion. The activity of protein 
kinase C was measured in cells from mice 18-24 weeks of age. The cells 
were challenged for 5 min without (Basal) and with 10 yM of the mixed 
a- and /3-adrenergic agonist norepinephrine (NOR), in the absence or 
presence of 0.1 mM bis-indolylmaleimide (NOR + BIS), a potent protein 
kinase inhibitor. Protein kinase C activity was measured in DEAE- 
cellulose-purified cell homogenates, as described elsewhere (30). The 
data presented are mean values ± S.E. from at least three separate 
experiments, each performed on separate occasions. An asterisk denotes 
statistical significance with p < 0.05 for the difference between the 
mean values for transgenic (Ga q -deficient) as compared to control mice. 

ysis. Ga q , acting via PLC to promote IP 3 and DAG accumula- 
tion, may augment the cyclic AMP response indirectly, perhaps 
via effects on calcium- or protein kinase C-sensitive forms of 
adenylyl cyclase (22-25). We tested the role of protein kinase C 
using bis-indolylmaleimide and calphostin C, selective inhibi- 
tors of protein kinase C (Fig. 4C). Both calphostin C (100 nM) 
and bis-indolylmaleimide (1 u.m) abolished the a r adrenergic 
stimulation of lipolysis, whereas the protein kinase A inhibitor 
KT-5720 (1 mm) was without effect. At 100 nM, bis-indolylma- 
leimide effectively blocked phenylephrine (10 unstimulated 
lipolysis in adipocytes from control mice; glycerol release 
(u.mol/10 6 cells), in response to this a r adrenergic agonist, de- 
clined from 4.7 to 1.2 in the absence versus presence of this 
protein kinase C inhibitor. The K 7 for nonselective inhibition of 
protein kinase A by bis-indolylmaleimide is >2 (26). Since 
the protein kinase A inhibitor KT-5720 itself was without effect, 
nonselective effects of protein kinase C inhibitors, if they indeed 
occurred at these lower concentrations, would be irrelevant. 



for study of the lipolytic response to adrenergic agonists. The lipolytic 
response was measured as described in the legend to Fig. 3. Stimulation 
of lipolysis by either 10 fiM norepinephrine (NOR, panel A) or 10 jtM 
phenylephrine (PHEN, panels B and O was analyzed in the absence 
and presence of either the ^-adrenergic antagonist propranolol (PROP, 
10 fiM) or the a r adrenergic antagonist prazosin (PRAZ, 1 jim). Inhibi- 
tors of protein kinase A (KT, KT5702, 1 fiM) and protein kinase C (BIS, 
bis-indolylmaleimide, 1 jim; CAL, calphostin C, 100 nM) were examined 
for their ability to block the a r adrenergic stimulation of lipolysis in 
adipocytes from transgenic mice and their control littermates (panel C). 
The results are mean values ± S.E. from three to five separate exper- 
iments for each. An asterisk denotes statistical significance with p < 
0.05 for the differences from mean basal values obtained with adipo- 
cytes isolated from both transgenic (Ga q -deficient) and control mice. 
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Measurement** protein kinase C activity in DEAE-cellulose- 
rairififcd homogenates of cells challenged with and without 
norepinephrine was performed using adipocytes from the con- 
trol and transgenic mice (Fig. 5). In adipocytes from control 
mice norepinephrine stimulates protein kinase C activity an 
action blocked by the addition of bis-indolylmaleimide. Sup- 
pression of Ga q in adipocytes of the pPCK-ASGa q mice results 
in a frank reduction in protein kinase C activity in the basal 
state and a loss of norepinephrine-induced activation of protein 
kinase C Total protein kinase activities for adipocytes from 
control and transgenic mice are equivalent, 310 i 20 and 315 ± 
18 pmol/min/million cells, respectively. Thus, ^-adrenergic 
control of lipolysis is shown to be mediated via protein kinase 
C a pathway revealed by its absence in the Ga q -deficient state. 

'-The absence of Ga q resulted in increased fat accumulation 
and hyperadiposity, observed within 5 weeks of age and sus- 
tained through adult life. Obesity has been reported m trans- 
genic mice after genetic ablation of brown adipose tissue (27), 
supporting the role of this specialized tissue in preventing 
obesity (28). The pPCK-ASGa q transgene was not expressed in 
brown adipose tissue (not shown). Expression of Ga,, the un- 
coupling protein UCP, and the mKNAs for both were equiva tent 
in brown adipose tissue from transgenic and control mice (not 
shown) suggesting no involvement of brown adipose tissue in 
enhanced fat accumulation by the P PCK-ASGa q -expressing mice. 

The absence of Ga, abolished an important stimulatory con- 
trol of lipolysis, apparently predisposing the mice to accumu- 
lation of fat. Recently, G-proteins have been shown to play 
prominent roles in differentiation (2, 3) and neonatal growth 
(4-6) For progression of F9 teratocarcinoma cells to primitive 
endoderm (4) and for development of nerve growth cones (3), 
G-proteins appear to be acting directly or indirectly via protein 
kinase C (10, 29). In the present study we demonstrate the key 
role of PLC and protein kinase C in adipocyte signaling in the 
mature cells. The basis for the hyperadiposity in the cells 
deficient in Ga Q , however, remains to be established, but may 
reflect a critical role of Ga q in controlling adipogemc conversion 
in vivo. 
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Antisense therapy for cancer -^the time of truth 



Burkhard Jansen and Uwe Zangemeister-Wittke 



The recent acceleration in the identification and 
characterisation of new molecular targets for cancer and 
the limited effectiveness of conventional treatment 
strategies has focused considerable interest on the 
development of new types of anticancer agents. These 
new drugs are hoped to be highly specific for malignant 
cells with a favorable side-effect profile due to well- 
defined mechanisms of action. Antisense oligonucleotides 
are one such class of new agent— they are short, synthetic 
stretches of DNA which hybridise with specific mRNA 
strands that correspond to target genes. By binding to the 
mRNA, the antisense oligonucleotides prevent the 
sequence of the target gene being converted into a 
protein, thereby blocking the action of the gene. Several 
genes known to be important in the regulation of 
apoptosis, cell growth, metastasis, and angiogenesis, 
have been validated as molecular targets for antisense 
therapy. Furthermore, new targets are rapidly being 
uncovered through coordinated functional genomics and 
proteomics initiatives. Phosphorothioate oligonucleotides 
are the current gold standard for antisense therapy; they 
have acceptable physical and chemical properties and 
show reasonable resistance to nucleases. Recently, new 
generations of these phosphorothioate oligonucleotides 
that contain 2'-modified nucleoside building blocks to 
enhance RNA binding affinity and decrease indirect toxic 
effects have been developed. Antisense therapeutics are, 
after decades of difficulties, finally close to fulfilling their 
promise in the clinic. 

Lancet Oncol 2002; 3: 672-83 

Recent technological developments that allow for robust 
data acquisition along with large-scale data-generating 
programmes, have paved the way for the identification of 
target genes involved in neoplastic transformation and 
tumour growth. Identification of the nucleotide sequences 
of cancer-relevant genes will lead to tailored anticancer 
agents that lack many of the toxic side-effects displayed by 
conventional therapeutics. 

In this review we discuss the development of 
exogeneously delivered oligonucleotides for the treatment of 
cancer and recent progress in clinical application of these 
treatments. In contrast to the use of plasmid-derived 
endogenous expression of antisense RNA — which has failed 
^Tshow activity in vivo because of inefficient plasmid 
delivery — the antisense oligonucleotide approach (figure 1) 
has overcome many of barriers to clincial success. Double- 
stranded, 21 -nucleotide, small, interfering RNAs have 
recently been used to specifically suppress the expression of 
homologous genes. 1 Available data, however, are too 
preliminary to conclude that the power of RNA interference 
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Figure 7. The antisense approach— the basic principle. 

can be harnessed for the development of safe and gene- 
specific therapeutics. 

Oligonucleotides have sequences that are complemen- 
tary to specific strands of RNA. Once delivered into a target 
cell, the oligonucleotide hybridises with its RNA comp- 
lement and inhibits expression of the corresponding disease- 
relevant protein. The idea of oligonucleotide-based 
antisense therapy is appealling and dates back to the 1960s 
when Belikova and colleagues 2 proposed that RNA 
sequences serve as endogeneous inhibitors of gene 
expression in prokaryotes. In the 1970s, Paterson and 
colleagues reported that exogeneous, single-stranded nucleic 
acids inhibit translation of RNA in a cell-free system. 3 1 year 
later, Zamecnik and Stephenson did a cell-culture 
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Figure 2. How antisense oligonucleotides work. 

experiment which showed that an oligonucleotide 
complementary to the 3' end of the Rous sarcoma virus 
could block viral replication in chicken fibroblasts. 4 With the 
advent of automated DNA synthesis and advances in the 
field of nucleic-acid chemistry, progress in the use of this 
technology for target validation and therapy has accelerated 
considerably. 

How antisense oligonucleotides work 

Antisense oligonucleotides bind to selected target mRNA 
molecules by Watson-Crick base pairing, which results in 
the inhibition of mRNA processing or translation. This 
inhibition occurs through various mechanisms including 
prevention of mRNA transport, splicing, and translational 
arrest (figure 2). The specificity of this approach is based on 
the estimate that any sequence larger than a minimum 
number of bases — 13 in RNA and 17 in DNA — occurs only 
once within the human genome. Thus, whereas small- 
molecule drugs interact with molecular targets through 
structural recognition, antisense oligonucleotides bind to 
strands of mRNA on the basis of their sequence. However, 
effective intracellular delivery remains an important issue for 
clinical application of antisense oligonucleotides; they have 
to reach the cytoplasm and finally the nucleus to efficiently 
access their mRNA target. 

Intracellular penetration may occur via energy- 
dependent endocytosis, which has to be followed by an 



endosomal or lysosomal escape mechanism, or through a 
direct cell- membrane permeation process, which is more 
efficient. Unfortunately, because most oligonucleotides are 
hydrophilic with an anionic backbone, membrane 
permeation is low, and simple elimination of anionic charges 
does not increase this crucial step enough for delivery to be 
effective. Use of lipophilic transfection reagents such as 
cationic lipids to form conjugates or complexes, has been 
widely investigated for delivery of antisense molecules into 
cells in tissue culture. There have also been several attempts 
to achieve direct permeation into target cells in vivo. 
Interestingly, however, in animal models and in patients, all 
therapeutically active antisense oligonucleotides have been 
administered in the form of naked compounds, indicating 
that in intact tissues other mechanisms exist that can act in 
the same way as cationic carrier lipids. 

Inhibition of gene expression is mainly accomplished 
by sterical hindrance of the target mRNA at the site of ribo- 
somal entry and by recruitment of endogeneous RNase H. 
Cleavage of target mRNA by RNase H is probably the most 
important mechanism of antisense action and underlies the 
activity of all the oligonucleotides successfully tested in 
clinical trials so far. RNase H is a ubiquitous endonuclease 
involved in DNA replication, but it may also have other 
roles in cells. It is found both in the cytoplasm and the 
nucleus, although the concentration in the nucleus is 
thought to be greater. RNase H cleaves the RNA strand of a 
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Figure 3. The emergent integrated circuit of the cell. The blue arrows point at key proteins in pathways that contribute to malignant disease and thus 
represent promising targets forantisense therapy. Reproduced with modifications from Ceil 2000; 100: 57-70 with permission. 



DNA-RNA heteroduplex. The precise recognition element 
for the enzyme is unknown, but oligonucleotides with 
DNA-like properties as short as tetramers seem capable of 
activating this endonucleolytic process. s To what extent 
these low stringency requirements affect the expression of 
nonspecific genes (due to irrelevant cleavage) is unclear. In 
the case of high-affinity oligonucleotides it is likely that a 5 
to 7 base homology provides sufficient overlap for RNase H 
competency. 6 Despite our increasing understanding of how 
specific hybridisation of antisense oligonucleotides 
translates into biological effects, it is important to not 
forget that nucleotide therapeutics are large charged 
molecules also capable of triggering nonantisense effects 
which can be both sequence specific and nonsequence 
specific. Sequence- specific effects include potential 
immune stimulation by sequences such as CpG motifs 
or G quartets. Charge- related phenomena include 
thrombocytopenia, which can also be caused by other 
charged macromolecules such as heparin. Although 
antisense inhibition seems to be the predominant 
mechanism responsible for antitumour activity of 
olignucleotides, as confirmed in several ongoing 
clinical trials, it is important to note that additional modes 
of action may also contribute to the overall responses 
observed. 



How to find an optimal antisense sequence 

The first step in validating genes as targets for antisense 
therapy is to identify those sites on the mRNA which are 
accessible and do not show sequence homologies with other 
genes of importance. The rationale behind the design of 
effective antisense oligonucleotides is based on the notion 
that mRNA is single-stranded at the AUG site — to allow 
ribosomal entry — and thus this site should also be accessible 
for oligonucleotide hybridisation. Oligonucleotides target- 
ing the start codon have been used successfully for several 
genes, although other sites could prove to be even more 
effective. 7-9 Various in vitro techniques have been used in 
order to facilitate selection of target sites for antisense action; 
many of these techniques are combinatorial approaches 
based on annealing reactions with arrays of antisense 
species 10 or assessment of target accessibility by use of RNase 
H mapping. 11 In addition, computational attempts to predict 
the secondary structure and folding pattern of mRNAs have 
been described, and target screening with computer 
programs such as "mfold" or "RNAstructure" could prove to 
be a valid strategy for selecting effective antisense sequen- 
ces. 12 This approach does not take account of other factors 
that could contribute to antisense efficacy, such as the three 
dimensional structure in vivo or accessibility of the target 
site for RNase H, but it substantially reduces the number of 
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oligonucleotides which have to be 
tested by high throughput screening. 
By comparison of the sequences of 
antisense oligonucleotides of varying 
effectiveness, the tetranucleotide motif 
TCCC was identified in 20 of the 42 
most effective antisense sequences. 13 
Thus, in addition to the techniques 
described above, the prediction of 
target sites on the basis of this motif 
may further assist in the design of 
antisense therapeutics. 
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In initial experiments, the activity CDKs 
of antisense oligonucleotides was 
limited by the susceptibility of the 
natural phosphodiester backbone to 
degradation by cellular nucleases. 
Several sugar, base, and backbone 
modifications have been investigated 
to make these molecules stable 
enough for clinical use. Significant 
improvements have been achieved with modifications of the 
backbone such as replacement of the oxygen atom of the PO 
moiety by sulphur (phosphorothioates, PS), a methyl group 
(methylphosphonates), or amines (phosphoramidates). 
However, although these analogues overcome the stability 
problem, only the phosphorothioate modification results in 
antisense compounds that combine serum stability, 
reasonably high RNA binding affinity, and the ability to elicit 
RNase H cleavage of the target RNA. 14 Now, after more 
than a decade of intensive research, phosphorothioate 
oligonucleotides still represent the most widely used class of 
antisense compounds, and several of these analogs are 
currently being tested in clinical trials. Investigations into 
their biological properties have identified several potentially 
toxic nonantisense effects, which become apparent at higher 
concentrations and include complement activation, 
thrombocytopenia, inhibition of cell-matrix interaction, and 
reduction of cell proliferation. In safety studies, repeated 
administration of these compounds to mice revealed 
several side-effects, especially with phosphorothioate 
oligonucleotides containing CpG motifs. When surrounded 
by particular bases, these unmethylated CpG dinucleotides 
induce immune stimulation, which leads to cytokine release, 
decreased platelet count, and hepatotoxicity.' 516 Despite the 
current belief that phosphorothioate oligonucleotides do not 
yet represent the optimum antisense strategy, some have 
shown encouraging results in the clinic. 

To improve the safety and effectiveness of phos- 
phorothioate oligonucleotides, modifications have been 
aimed at increasing their metabolic stability and enhancing 
affinity for complementary mRNA, With these modifi- 
cations, the oligonucleotides have a 0-4 °C lower melting 
temperature per phosphorothioate linkage than native 
phosphodiester counterparts. 17 As with antibody-antigen 
interactions, the affinity of antisense oligonucleotides for 
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Figure 4. An overview of families of antisense targets. 



their target mRNA is a measure of the stability of the nucleic 
acid hybrid; high affinity represents high gene-repression 
activity. 6 The activity of phosphorothioate antisense 
oligonucleotides can be improved by modification of the 
ribose. Among the different sites in a nucleoside building 
block, the 2 '-position could prove to be the most valuable. 18 
2' modification with an electronegative substituents such 
as 2'-0-methyl or 2 , -0-(2-ethoxy)ethyl (MOE) groups, 6,19 or 
a 2'-0,4 , -C-methylene bridge (locked nucleic acid) 20 confer 
an RNA-like C3*-endo conformation to the oligonucleotide, 
which greatly enhances affinity. However, the RNA-like 
conformation also abrogates the oligonucleotide's ability to 
activate RNase H. This problem has been addressed by 
generating mixed-backbone oligonucleotides that only 
contain the modified nucleotides at the ends, thus leaving a 
nonmodified DNA gap in the centre, which remains 
compatible with RNase H activation. Such "second 
generation" or "advanced chemistry" antisense compounds 
have favourable physicochemical, biochemical, and 
pharmacokinetic properties, 6 and therefore may be 
appropriate for oral or transdermal formulations. 31 

Targets for antisense therapy 

With the completion of the first phase of the Human 
Genome Project, about 30 000 gene sequences and 100 000 
mRNAs are now available as tools to validate candidate 
genes for antisense therapeutic purposes. To find suitable 
sequences for treating a given disease, genes which are 
differentially expressed in diseased and normal tissue first 
need to be identified. Elucidation of the roles of several 
cancer-related genes in tumour development is a rapidly 
progressing area of cancer research and has provided a 
steadily growing list of candidate genes. The multitude of 
molecular entities and signalling pathways that regulate the 
life/death decision in cells, and thus represent potential 
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Table 1. Antisense therapies in phase I — III clinical trials 



mRNA target 


Drug 


Company or 


Size/ 


Tumours 


Development 


Combination 


Website 




investigator 


chemistry 


evaluated 


phase 


treatment? 




BCL-2 


G3139 
(Genasense) 


Genta/Aventis 


18-mer/PS 


Melanoma, MM, 
CUL, NSGLC 


III* 


Y 


www.genta.com 


PKCa 


ISIS 3521 
(Affinitac) 


• ISIS/Eli Lilly 


20-mer/PS 


NSCLC, solid 
tumours 


Mil* 


Y/N 


www, isispharma .com 


C-RAF 


ISIS 5132 


ISIS 


20-mer/PS 


Solid tumours 


I— II* 


Y/N 


www .isispharma.com 


Ha-RAS 


ISIS 2503 


ISIS 


20-mer/PS 


Solid tumours 


Ml 


N 


www.isispharma.com 


Clusterin 


OGX-011 


OncoGeneX 


21-mer/AC 


Prostate cancer, 
NSCLC 


Ml* 


Y 


www.oncogenex.ca 


PKA-R1-a 


GEM 231 


Hybridon 


18-mer/AC 


Solid tumours 


Ml* 


N 


www.hybridon.com 


C-MYB 


LR/INX-3001 


Gewirtz et al 


24-mer/PS 


CML 


Ml* 


N 


www.uphs.upenn.edu/ 
hematol/faculty/gewirtz.htm 


Ribonucleotide 


GTI-2040 


Lorus Therapeutics 21 -mer/PS 


Solid tumours 


Ml* 


N 


www.lorusthera.com 


reductase 
















DNA 


MG-98 


MethylGene 


20-mer/AC 


Solid tumours 


Ml* 


Y/N 


www.methylgene.com 


methyltransferase 














p53 


OL(1)p53 


Bishop et al 


20-mer/PS 


AML, MDS 


I 


N 




BCR-ABL 


BCR-ABL AS 


de Fabritus et al 


26-mer/PS 


CML 


I 


N 





MM, mutt pie myeloma; CLL chronic lymphatic leukaemia; NSCLC, non-small-cell lung cancer; CML chronic myelogenous leukaemia: AML acute myelogenous leukaemia; MDS, 
myetotiysplastfc syndrome; PS, phosphorothioate oligonucieotide; AC, advanced chemistry oligonucleotide; Y, yes; N, no. "Initiation of trial, or additional trials expected, In 2002. 



targets for molecular intervention strategies including 
antisense therapy, are shown in figure 3. The most 
promising targets are those involved in cell proliferation, 22 
apoptosis, 23 angiogenesis, 24 and metastasis 25 (figure 4). A 
comprehensive overview of the antisense oligonucleotides 
currently under investigation in clinical trials is provided in 
table 1. 

Target sequences are carefully chosen to avoid 
hybridisation of full-length oligonucleotides to unrelated 
targets and to ensure they are long enough that uniqueness 
within the cellular mRNA pool is preserved. Despite these 
efforts, antisense oligonucleotides were expected to have 
side-effects resulting from irrelevant cleavage of non- 
targeted mRNA by low stringency RNase H 5 - 26 and from 
silencing of target genes which are not tumour specific. 
Interestingly, however, preclinical studies and initial clinical 
tests did not substantiate these concerns. Thus, normal 
healthy cells seem to tolerate the transient loss of function of 
genes involved in growth regulation and cytoprotection 
better than cancer cells, which carry the proapoptotic 
burden of multiple genetic alterations and genomic 
instability. Antisense therapeutics that tackle the apoptotic 
rheostat, interfere with growth signalling pathways, or target 
tumour microvasculature to inhibit tissue invasion and 
metastasis, are particularly promising when complemented 
by conventional anticancer treatments, because their toxicity 
profiles do not overlap. 

BCL-2 family 

BCL-2 and BCL-XL are inhibitors of apoptosis with 
cytoprotective function. Both proteins reside within the 
mitochondrial membrane where they act by inhibiting 
adapter molecules needed for the activation of caspases. 
Recent evidence also suggests a role for BCL-2 in protecting 
cells from APAF1 -independent death. More distant relatives 



of the family include BAX and the BH3-only proteins, which 
promote apoptosis by inducing the release of cytochrome C 
from mitochondria and counteract the protective activity of 
BCL-2 and BCL-XL by heterodimerisation. 23 Alterations in 
this balance that favour cell survival may cause proliferative 
disorders such as cancer. Overexpression of BCL-2 or BCL- 
XL is indeed common in many types of cancer and believed 
to contribute to increased resistance to chemotherapy. But 
although the prognostic value of BCL-2 and BCL-XL 
overexpression seems to depend on the tumour type, 
preclinical and clinical data indicate that both proteins may 
be good targets for antisense therapy. BCL-XL is a survival 
factor for undifferentiated endothelium cells. So, given the 
recent finding that BCL-2 overexpression in endothelial and 
tumour cells results in the upregulation of VEGF expression 
and increased microvessel density in tumour xenografts, 
antisense strands targeted to BCL-2 and/or BCL-XL could 
provide a therapeutic approach that combines proapoptotic 
and antiangiogenic activity. 

In 1997, the first results of a clinical study investigating 
G3139 (Genasense, table 1) — an 18-mer phosphorothioate 
oligonucleotide targeted to the BCL-2 translation initiation 
site — for treatment of non-Hodgkin lymphoma were 
reported. 27 This phase I, dose-escalation trial included 21 
patients 28 and focused on the safety and pharmacokinetics 
of the drug when administered by subcutaneous infusion. 
Local inflammation at the infusion site was the most 
common side-effect; the maximum-tolerated dose was 
147-2 mg/m 2 /day; and the dose-limiting toxic effect 
was thrombocytopenia. Of the 21 patients, 9 achieved 
stable disease, 9 had disease progression, two showed 
partial responses, and one patient had a complete 
response. However, a reduction in BCL-2 protein by 
antisense treatment was observed in only about half of the 
patients. 
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Drug resistance has been linked to Before treatment 

overexpression of BCL-2 in a number 
of cancer types including melanoma, 
which is a classic example of a treat- 
ment-resistant tumour. In preclinical 
studies, G3139 decreased the prod- 
uction of BCL-2 protein, enhanced 
tumour-cell apoptosis, and, in combin- 
ation with systemically administered 
dacarbazine (DTIC), led to major 
tumour responses in mice with human 
melanoma xenografts. 29 Other BCL-2 
antisense oligonucleotides have also 
shown promise in preclinical studies. 9,30 

In the clinical setting, it was estab- 
lished that G3139 can be safely admin- 
istered by continuous intravenous 
infusion in combination with full-dose 
DTIC in a phase I/II trial in patients 
with advanced melanoma. This trial 
also showed that G3139 causes down- 
regulation of BCL-2 protein in serial 
biopsy samples from patients with 
melanoma, and that this biological 
activity was associated with major 
clinical responses (figure 5). The entire 
group of patients, who all had 
advanced-stage disease, were still alive 
more than 1 year later. 31 Transient thro- 
mbocytopenia limited the antisense 
dose to 12 mg/kg each day in patients 
who also received full-dose DTIC 
treatment. An international, phase III, 
randomised trial has been initiated in 
patients with advanced melanoma by 
use of a 5-day pretreatment regimen of 
G3139 administered by continuous 
infusion at a dose of 7 mg/kg each day, 
followed by DTIC at 1000 mg/m 2 . Additional controlled 
multicentre trials are ongoing in other tumours including 
multiple myeloma, CLL, and lung cancer (table 1), and have 
the goal of increasing the effectiveness of experimental 
treatment strategies. 

Alternative splicing of BCL-X pre-mRNA results in two 
distinct mRNAs: BCL-XL, which codes for the antiapoptotic 
protein, and BCL-XS, which codes for the proapoptotic 
variant. 32 Antisense oligonucleotides targeting the BCL-X 
mRNA or the BCL-XL mRNA specifically have been reported; 
all these oligonucleotides induce apoptosis in various tumour 
cells and sensitise tumour cells to chemotherapy. 33 " 33 Similarly, 
BCL-X antisense oligonucleotides designed to shift pre- 
mRNA splicing away from producing the BCL-XL protein to 
proapoptotic BCL-XS, could also prove effective in sensitising 
cells to apoptosis. 36 Despite these findings, clinical studies with 
BCL-XL antisense oligonucleotides have not yet been done. 
BCL-XL is also expressed in several types of normal tissue 
including neurons in the brain and certain cells in the bone 
marrow, which suggests there may be side effects with 
this approach. Whether BCL-XL antisense therapy can 
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Figure 5. An example of a complete remission of advanced malignant melanoma after 
chemosensitisation by BCL-2 antisense (Genasense) treatment. Lower right leg (a) and a computed 
tomography of the pelvis (b) before and after treatment are shown (reference 31). 



nevertheless prove clinically useful remains to be explored. 

Many tumour cells coexpress BCL-2 and BCL-XL and 
there is uncertainty as to which target is the more important 
survival factor in a heterogeneous tumour cell population. 
Although BCL-2 and BCL-XL are functionally similar, there is 
evidence that they have distinct biological roles in protecting 
from apoptosis induced by different stimuli. Coupled with the 
finding that mRNA for BCL-2 and BCL-XL share homology 
regions with high sequence identity, this information has led 
to the idea of generating an antisense oligonucleotide which 
targets both proteins, instead of just one. The design and 
preclinical testing of a BCL-2/BCL-XL bispecific antisense 
oligonucleotide was reported recently. This 20-mer, MOE 
gap-mer oligonucleotide efficiently downreguated BCL-2 
expression simultaneously with BCL-XL, and induced 
apoptosis in tumour cells of diverse histological origins in 
vitro and in vivo. 3 " 7 

Protein kinase C 

Several studies have examined the role of closely related 
protein kinase C (PKC) isozymes in various biological 
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processes. PKC belongs to a class of serine-theronine kinases 
involved in a myriad of intracellular responses, which are 
stimulated by activation of G-protein-coupled tyrosine 
kinases; these kinases are found in both growth-factor- 
receptor-linked and non-receptor linked forms. Altered 
expression of PKC has been implicated in the deregulation 
of cell growth and tumour development. 38 Various inhibitors 
and modulators of PKC activity have been tested. The 
clinical limitation of these compounds is their inability to 
discriminate between the various isozymes of PKC, which 
may result in unacceptable toxic effects in normal tissues. 
Several antisense oligonucleotides that specifically target 
individual members of the PKC family have been studied. 
On the basis of the activity and safety profile of a murine 
PKCa-specific antisense inhibitor in mice, a 20-mer 
phosphorothioate oligonucleotide targeting human PKCa 
(ISIS 3521) was developed. ISIS 3521 was found to inhibit 
the growth of glioblastoma xenografts and extended survival 
in tumour-bearing mice. 39 The biological evidence 
implicating PKC in the pathogenesis of solid tumours and 
the activity of ISIS 3521 against human tumour xenografts in 
mice, 40 led to the initiation of clinical studies with this drug. 

The phase I trials of ISIS 3521 were dose-escalation 
studies in patients with treatment-resistant solid tumours. 
The oligonucleotide therapy was well tolerated and 
therapeutic benefit was noted in some cases. In further trials, 
responses were seen at several different doses of ISIS 3521. 
Two patients with lymphoma experienced complete 
responses (after 1 8 and 9 months of treatment) and neither 
had recurrant disease after 21 and 14 months, respectively. 41 
In one of the phase I trials, ISIS 3521 was administered 
to 21 patients with end-stage malignant disease for 3 weeks 
via continuous intravenous infusion, followed by a 1-week 
treatment-free period. Dose-limiting thrombocytopenia and 
fatigue were encountered at doses of 3*0 mg/kg per day. 
The maximum tolerated dose was found to be 2*0 
mg/kg/day, which corresponded with doses showing 
antitumour activity in xenograft models. There was evidence 
of tumour responses lasting up to 11 months in 3 of 4 
patients with ovarian cancer. Continuous intravenous 
infusion of ISIS 3521 over 3 weeks has so far not shown 
objective clinical benefit in patients with recurrent high- 
grade astrocytomas. 42 Median time to progression was 
35 days and median survival was 93 days; any toxic effects 
were mild and reversible. 

On the basis of extensive data on ISIS 3521 as a single- 
agent, a phase I/II study combining the PKC antisense 
oligonucleotide with carboplatin and paclitaxel in patients 
with stage IIIB or IV non-small-cell lung cancer (NSCLC) 
was initiated. 43,44 A recent update of 24 evaluable patients 
with NSCLC showed that 1 year survival was 78 %, with a 
median survival of 18 months. Survival in comparable 
patient cohorts receiving chemotherapy alone was reported 
to be 8 months. The combination of ISIS 3521, carboplatin, 
and paclitaxel was well tolerated with manageable 
thrombocytopenia and neutropenia as the main side-effects. 
These promising results led to a 600-patient randomised 
phase III clinical trial of ISIS 3521 in combination with 
chemotherapy for NSCLC, which is now underway. 45 



RAF kinase 

The RAFproto-oncogene encodes a serine-threonine kinase 
that is activated by the RAS protein as part of the mitogen- 
activated protein kinase (MAPK) signalling cascade. 46 c-RAF 
kinase binds to BCL-2 and thus may also play an indirect 
role in the regulation of apoptosis. Mutations of the RAS or 
RAF gene resulting in their constitutive activation have been 
identified and their aberrant expression reported in many 
tumours where it may serve as a negative prognostic factor. 
Because 75-90% of all pancreatic adenocarcinomas harbour 
activating mutations in the k-RAS oncogene it has been 
expected for a long time that inhibitors of the RAF-1-MEK- 
MAPK pathway may be useful to control diseases associated 
with abnormal cell proliferation. A series of 34 
phosphorothioate antisense oligonucleotides were designed 
and screened for reducing c-RAF mRNA concentrations in 
vitro. 8,47 ISIS 5132, a 20-mer targeting a site at the 3' 
untranslated region, was identified as the most potent in 
inhibiting c-RAF expression, and showed antiproliferative 
and antitumour activity against various tumour-cell lines in 
vitro and in xenograft models in mice. 8 

2 h intravenous infusions of ISIS 5132 were administered 
3 times a week for 3 consecutive weeks with doses ranging 
from 0*5 to 6-0 mg/kg; the infusions were well tolerated 
without dose-limiting toxic effects. 48 Furthermore, an 
additional phase I dose-escalation trial (continuous 
intravenous infusion of ISIS 5132 for 21 days every 4 weeks) 
in 34 patients suffering from different refractory solid 
tumours was done. 49 Continuous administration of ISIS 
5132 up to 4*0 mg/kg led to no dose-limiting toxic effects. At 
5*0 mg/kg, fever and thrombocytopenia were dose-limiting. 
One patient who had treatment-refractory ovarian cancer 
experienced a reduction in CA125 concentration of more 
than 90%; 2 other patients achieved stable disease for 9 and 
10 months. Statistically significant downregulation of 
c-RAFl mRNA by ISIS 5132 in peripheral blood mono- 
nuclear cells of patients with advanced malignant disease 
was observed in most cases. 

Accumulation of evidence for proof of principle and the 
confirmation of an acceptable safety profile, led to the 
initiation of several phase II trials of ISIS 5132. However, in 
one study investigating the antitumour activity of ISIS 5132 
(4 mg/kg per day, 21 -day continuous intravenous infusion 
every 4 weeks) in 22 pretreated patients with recurrent 
ovarian cancer, the drug did not seem to have therapeutic 
activity as a single agent. 50 Results of other phase II clinical 
studies targeting c-RAF kinase in prostate and colon cancer 
are pending. 

Protein kinase A 

The cAMP-dependent protein kinase A (PKA) is involved in 
various biological functions including cell proliferation, 
induction of gene expression, and ion -channel regulation. 
PKA is composed of two catalytic and two regulatory 
subunits and has type-I and type -II isozymes containing 
different R subunits, termed RI and RIL Of the 4 isoforms of 
R increased expression of Riot is associated with cell 
proliferation and neoplastic transformation. Accordingly, 
overexpression of the RIa subunit of PKA is found in many 
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tumours in which it is a negative prognostic factor. 51 The 
catalytic subunit of PKA also phosphorylates the EGF 
receptor, which is accompanied by decreased auto- 
phosphorylation and diminished tyrosine kinase activity. 
The finding that decreased expression of Riot and thus 
release of the catalytic subunit correlates with growth 
inhibition induced by cAMP analogues in transformed cell 
lines, has prompted studies to investigate the potential of 
antisense inhibitors of Riot as anticancer agents that 
interfere with the mitogen -activated signalling pathway. 
Oligonucleotides targeted to various sites within the coding 
region of the Riot mRNA that showed antiproliferative 
activity in different tumour cells and cooperatively acted 
with EGF-receptor inhibitors were identified." 

The 18-mer mixed-backbone antisense oligonucleotide 
GEM231 (table 1), designed to interfere with the 
production of the Riot regulatory subunit of PKA, inhibited 
the growth of tumour cell lines in vitro and displayed 
antitumour activity against human tumour xenografts when 
given orally to mice. 21,53 Phase I preliminary data show that 
escalating doses of GEM231 were also well tolerated in 
repeat cycles when administered twice weekly by 
intravenous injections at doses of up to 360 mg/m 3 
(equivalent to about 7-9 mg/kg). Additional studies 
designed to evaluate the safety and efficacy of GEM231 in 
combination with taxotere or taxol in patients with 
advanced cancers have been initiated. Early results suggest 
that side-effects caused by GEM231 were mild and 
reversible and do not overlap with the side-effects caused by 
taxanes. 

P53/MDM2 

The tumour suppressor p53 is a master- switch for cell cycle 
regulation and apoptosis. Terms like "guardian of the 
genome" have been coined for p53 and mutations resulting 
in its inactivation or deletion have been found in a number 
of hematological and non-hematological malignant 
diseases. OL(l)p53 (table 1) is a phosphorothioate antisense 
oligonucleotide complementary to 20 bases within exon 10 
of the p53 mRNA. A total of 21 patients with either 
refractory acute myelogenous leukemia (AML) or advanced 
myelodysplastic syndrome received OL(l)p53 at doses up to 
0*25 mg/kg/h for 10 days by continuous infusion during two 
initial phase I trials. Neither specific toxic effects nor 
complete hematological responses were observed. More 
recently, 9 patients participated in a phase I study evaluating 
OL(l)p53 as a bone-marrow purging agent M . Harvested 
marrow was incubated with OL(l)p53 at 10 u.M of the 
oligonucleotide for 36 h before transplantation. However, 
clear clinical benefits were not observed. 

MDM2 is a negative feedback regulator of p53 which 
interferes with the control of cell proliferation and 
apoptosis. It interacts not only with p53, but also with 
pl4ARF, which antagonises its function as a suppressor of 
p53. MDM2 is amplified/overexpressed in various tumours. 
A mixed-backbone antisense oligonucleotide targeting 
MDM2 released p53, which resulted in increased 
p21/WAFl expression. This effect was synergystic with 
different classes of anticancer agents and significantly 




increased apoptosis in tumour cells in vitro. In mice, 
MDM2 antisense drugs have shown antitumour activity 
against human tumour xenografts and seem to potentiate 
the effect of anticancer agents. 55 

c-MYB 

The c-MYB proto-oncogene encodes a DNA-binding 
transcription factor involved in the control of the Gl/S 
transition of the cell cycle. 56 c-MYB is located on 
chromosome 6q22-24, on which abnormalities have been 
observed in cells from leukaemias, lymphomas, colon 
carcinomas, and malignant melanoma." Ratajczak and 
colleagues 58 used 18-mer and 24-mer phosphorothioate 
antisense oligonucleotides targeted to codons 2-7 and 2-9, 
respectively, of the c-myb gene to inhibit the proliferation 
in AML, CML, and T-cell leukaemia cultures by induction 
of apoptosis. In a clinical pilot study, the 24-mer antisense 
oligonucleotide LR-3001 showed promise in purging 
ex vivo bone-marrow harvests from patients with CML 
before autologous transplantation. The patients (seven in 
chronic phase CML and one in accelerated phase) received 
chemotherapy with busulfan and Cytoxan, followed by re- 
infusion of previously cryopreserved mononuclear cells 
purged for 24 hours with LR-3001. Seven of eight patients 
were reconstituted successfully. In 4 of 6 evaluable patients, 
85-100% normal metaphases were found 3 months after 
engraftment, supporting the notion that significant ex vivo 
purging of the marrow graft was achieved. A phase II study 
has been initiated to validate these promising findings. 

DNA methyltransf erase 

Aberrant expression of the DNA methyltransferase enzyme 
is implicated in multiple tumorigenic pathways and there 
are several lines of evidence suggesting that this alteration 
plays a causal role in neoplastic transformation and tumour 
development. The possible mechanism by which 
overexpression of DNA methyltransferase may induce 
tumorigenesis is promoter hypermethylation, which 
inactivates a large number of genes that induce apoptosis, 
and suppress tumorigenesis, tumour invasion, and 
angiogenesis, or that control DNA replication and cell-cycle 
progression. Inhibition of DNA methyltransferase by 
antisense treatment was shown to revert the malignant 
phenotype of tumour cells in vitro and in mice. 59,60 The 
mixed-backbone antisense oligonucleotide MG-98, 
originally developed by Hybridon Inc and further evaluated 
by MethylGene Inc (table 1) was shown to effectively 
downmodulate the methylation of candidate genes involved 
in tumorigenesis and has found its way to early clinical 
testing. MG-98 was given to 9 patients with advanced solid 
tumours as a continuous 21 -day intravenous infusion, with 
cycles to be repeated at 4-week intervals. Dose-limiting, 
drug- related increases in the production of transaminases 
were found in 2 of 2 patients receiving a dose of 240 mg/m 2 
per day. Reductions of DNA methyltransferase mRNA 
considered to be biologically relevant were seen at the 
lowest dose (40 mg/m 2 per day). However, changes in DNA 
methyltransferase mRNA did not translate into clinical 
benefit. 61 
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BCR-ABL 

The Philadelphia chromosome is the result of a translocation 
found in chronic myelogenous leukemia (CML) cells 
resulting in the juxtaposition of the ABL gene (normally 
found on chromosome 9) and the BCR gene of chromosome 
22. The resultant p210 fusion protein functions as a tyrosine 
kinase and is believed to cause the neoplastic phenotype of 
CML. A 26-mer oligonucleotide targeted against the BCR- 
ABL transcript has shown selective inhibition of in vitro cell 
growth. This strategy also proved successful in an SCID 
mouse model. Mice with CML survived 18 to 23 weeks, 
whereas controls died within 8-13 weeks after tumour cell 
inoculation." On the basis of these encouraging preclinical 
findings, clinical studies investigating ex vivo bone-marrow 
purging by BCR-ABL antisense oligonucleotides in patients 
with CML were initiated." The bone-marrow sections from 
eight patients were incubated for 24 or 72 hours with 150 
jxg/ml BCR-ABL antisense oligonucleotides. Two complete 
karyotypic responses were noted; the karyotypes of the 
remaining 6 patients showed no or only minimal responses. 
These results translated into a persistent second chronic 
phase lasting 14-26 months after transplantation in three 
patients. 

Clusterin 

Clusterin, also known as testosterone-repressed message 2 
(TRPM2) or sulfated glycoprotein 2, has been implicated in 
a variety of physiological and pathological processes. An 
increasing body of evidence supports a role for this protein 
in apoptotic cell death. More recent studies also suggest that 
clusterin acts in a chaperone-like way — similar to that of 
small heat shock proteins — potentially inhibiting stress- 
induced protein misfolding in vitro; it also improves cell 
survival in vivo. 64 In prostate cancer, experimental and 
clinical studies provided evidence that clusterin 
concentrations increase in response to therapeutic cell death 
signals, such as androgen ablation or chemotherapy, and 
protect against apoptosis. 65 When overexpressed, clusterin 
confers a hormone-resistant or chemotherapy-resistant 
phenotype in a number of malignant diseases including 
prostate cancer, indicating that it is an attractive target for 
antisense therapy. Phase I/II clinical trials evaluating the 
therapeutic potential of OGX-0T1, a 21-mer MOE gap-mer 
oligonucleotide targeting the translation initiation site of 
clusterin, in combination with androgen ablation or 
chemotherapy have been initiated in patients with prostate 
cancer and will be initiated in the near future in patients 
with other types of solid tumour including NSCLC (table 1). 

Inhibitors of apoptosis proteins 

The inhibitors of apoptosis proteins (IAPs) act as roadblocks 
in the apoptosis signalling pathway by directly binding to 
caspases, thereby blocking their processing and activity. 
Evolutionary conserved from viruses to mammalian cells, 
these proteins are characterised by a 70 aminoacid domain 
called baculoviral inhibitory repeat (BIR). The IAPs XIAP, 
c-IAPl, C-IAP2 can interact with the effector caspases 3 and 
7, but also with the initiator caspase 9. The IAP survivin 
seems to associate with caspase 3 in the vicinity of 



centrosomes during mitosis and is required for suppression 
of caspase-mediated cleavage of centrosome-associated 
p21wafl. 66 Recent evidence suggests that survivin also 
interacts with pro-caspase 9 and that phosphorylation of 
survivin by p34 cdc2 -cyclin Bl is required for its cytoprotective 
function. Survivin is expressed in the G2/M phase and its 
overexpression in cells may overcome the G2/M checkpoint 
to enforce progression of cells through mitosis. In colorectal, 
gastric, breast, bladder, and lung cancers, and in certain 
leukaemias and lymphomas, survivin expression is 
associated with shorter survival and correlates with a higher 
stage of disease. Together with the finding that survivin lacks 
expression in terminally differentiated tissues, but becomes 
re-expressed during neoplastic transformation, this IAP 
deserves attention as a truly tumour-specific target for 
antisense therapy. Antisense oligonucleotides targeting 
different sites within the survivin mRNA have been tested in 
different cell systems and shown to induce apoptosis directly 
or sensitise cells to additional apoptotic stimuli.* 7 

Other potential targets for antisense therapy 

As a consequence of the encouraging preclinical findings 
with evidence of selective inhibition of Ha-RAS expression 
by ISIS 2503, a 20-mer phosphorothioate antisense oligo- 
nucleotide targeting the translation initiation site of the Ha- 
RAS mRNA, ISIS 2503 (table 1) has been evaluated alone 
and in combination with chemotherapy in phase I and II 
trials in a number of solid tumours. 68 There is clear evidence 
that ISIS 2503 is well tolerated. However, ISIS 2503 has not 
shown antitumour activity as a single agent in the cancer 
types so far tested and antisense strategies targeting other 
RAS isoforms seem more attractive, since 75-90% of 
pancreatic adenocarcinomas and 50% of colon cancers 
harbor activating mutations in K-RAS but not Ha-RAS. 69 
Antisense oligonucleotides targeting the ribonuclease 
reductase (table 1), an enzyme of importance in DNA 
synthesis and cell proliferation, have recently reached the 
stage of early clinical evaluation. Insulin-like growth factor 1 
(IGF1) has mitogenic and antiapoptotic effects modulated 
by insulin-like growth-factor binding proteins (IGFBPs) in 
various tissues. Downregulation of IGFBPS expression by 
antisense oligonucleotides inhibited the growth of Shionogi 
cancer cells in vitro and inhibited the growth of androgen- 
independent tumours after castration. 70 This finding suggests 
that the increase of IGFBPS concentrations observed after 
castration in models of prostate cancer is an adaptive cell- 
survival mechanism that helps potentiate the antiapoptotic 
and mitogenic effects of IGF1, thereby accelerating 
androgen-independent progression towards a treatment 
resistant phenotype. 71 Clinical studies with antisense 
oligonucleotide (OGX-133) designed to attenuate IGFBPS 
function in patients with advanced prostate cancer are being 
planned. 

The cellular Fas- associated death domain (FADD)-like 
interleukin-ip-converting enzyme-like (FLICE) inhibitory 
protein (cFLIP) resembles caspase 8 in structure, but lacks 
protease activity. It interacts with both FADD and caspase 8 
to inhibit the apoptotic signal of death receptors and, at the 
same time, can stimulate survival signalling through 
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Search strategy and selection criteria > 

Published data for this review were identified by searches of 
MEDLINE, EMBASE, CancerLit, METACRAWLER, the websites ] 
of companies that produce antisense compounds (table 1), and 
references from relevant articles up to August 2002. The terms 
"cancer therapy", "antisense", "oligonucleotides", "RNA", \ 
"gene expression/reguiation'', "oncogenes", "apoptosis", 
"angiogenesis", "metastasis". Only articles published in English 
were used. In addition, we contacted researchers, clinicians ; 
and companies working on antisense strategies. 

activation of NFkB. Inhibition of FLIP may also be useful in 
the treatment of carcinomas with acquired resistance to 
death-receptor-induced apoptosis and chemoresistance. 72 
The stress-inducible heat-shock protein Hsp70 is a 
chaperone selectively expressed in tumours and tumour cell 
lines, which seem to depend on its constitutive high 
expression to suppress a transformation-associated death 
programme. Depletion of Hsp70 by antisense constructs was 
shown to induce cell death; the mechanism of action was 
possibly disruption of Hsp70-BCL-2 interaction, but Hsp70 
has recently also been shown to bind and inhibit Apaf-1 and 
apoptosis-inducing factor. Interestingly, cell death was 
induced in various tumour cell lines and in cells from 
primary tumours, but not in normal epithelial cells and 
fibroblasts. 73 Whether Hsp70 indeed confers a survival 
advantage selectively to tumour cells and whether targeted 
disruption of H$p70 gene expression can provide a 
reasonable therapeutic index remains to be determined. 
Further preclinical data are clearly needed to convincingly 
demonstrate that chaperoning by Hsp70 is more dispensable 
for the function of normal tissues than for the survival of 
tumours. Other genes currently validated as targets for 
antisense therapy in preclinical studies include growth- 
factor-receptor tyrosine kinases such as HER2/neu, the 
epidermal and vascular endothelial growth-factor receptors, 
transcription factors involved in cell survival like NFkB, the 
myriad of protein kinases involved in cell cycle regulation, 
and thymidylate synthase. Additional attractive targets of 
great potential and importance for antisense strategies 
highlighted by most recent reports include BRAF, mutated 
in about 60% of melanomas and at somewhat lower 
frequencies in a variety of other malignant diseases, 74 and 
MITF, a transcription factor shown to regulate BCL-2 in 
cells of the melanocytic lineage as well as in certain bone 
cells. 75 Although the available data are still preliminary, there 
is hope that some of these cancer-related targets will 
maintain their allure beyond clinical scrutinisation. 

The future of antisense 

There is increasing evidence that antisense oligonucleotides 
can work in a sequence-specific manner in patients and will 
finally live up to their promise. Although a number of 
challenges remain, these are probably easier to overcome in 
oncology than in any other field since there are large unmet 
medical needs. Furthermore, several antisense oligo- 
nucleotides have displayed acceptable toxicity profiles. 
Antisense strategies which aim at restoration of apoptosis 



signalling, alter signalling pathways involved in cell 
proliferation, or target the tumours micro-vasculature, may 
prove particularly useful in combination with conventional 
anticancer agents. Lowering the apoptotic threshold of 
cancer cells could prove to be the single most attractive 
strategy to overcome chemo- and radiation resistance. But 
studies focusing on other possible mechanisms of action for 
antisense oligonucleotides, beyond anticipated clinical 
successes, will be instrumental to progress in the field. These 
studies are mandatory to highlight antisense oligo- 
nucleotides as rationally designed molecules with 
predictable properties; the potential for rapid development 
and improvement places them apart from conventional 
drugs. 
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Clinical picture 

Subcutaneous seeding of pancreatic carcinoma along a VP 
shunt catheter 



Hiroshi Nawashiro, Naoki Otani, Hiroshi Katoh, Akira Ohnuki, Sho Ogata, and Katsuji Shima 




neoplastic glands in the fibrotic background (figure c). 
These features are consistent with metastatic adeno- 
carcinoma of pancreatic origin. It is well known that a VP 
shunt as an artificial link between vessels can facilitate the 
spread of brain tumour cells in the cerebrospinal fluid. 
Similarly, iatrogenic spread of malignancy may occur along a 
VP shunt catheter. This is the first case of VP-shunt-related 
skin metastasis of aggressive pancreatic carcinoma. 
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A 61 -year-old woman presented with subarachnoid 
haemorrhage 3 years ago and had a ventriculoperitoneal 
(VP) shunt inserted to treat normal-pressure hydrocephalus, 
after which she regained normal daily activity. She later 
presented with a subcutaneous painless mass along a VP- 
shunt catheter (figure a). A computed tomography scan of 
her abdomen showed ascites, free air, and an isodensity mass 
around the catheter on the anterior abdominal wall 
(figure b). She underwent an emergency exploratory 
laparotomy and was subsequently diagnosed with a 
pancreatic carcinoma. Histopathological examination of the 
skin around the catheter showed a small number of 
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Abstract 

At least three different approaches may be used tor 
gene targttmg Including: A) gent knockout by homolo- 
gous recombinationi B) cnrployraeni or synthetic oligonu- 
cleotides capable or hybridiztafl with DNA or RNA, and 
CI use of poly amide* wad other natural DNA-bondflnj; 
xnofecules called lodtropsim. 

Targctimz raKNA IS attractive because mRNA lit more 
accessible than thm coiTeeponding genci Three btufc 
strategies havo emerged for this purpose, the most femn- 
lor befog to iiiti uduce anilsense nucleic adds into a ceD (n 
the hones that Uiey win form Watton-Crick base poire 
with the targeted gene's mRNA. Duplexed mRNA cannot 
be translated, end almost certainly Initiates processes 
which lead to Its destruction. The antfceiue nucleic odd 
can take the form of RNA expressed from a vector which 
has been tranafceted into the ceD, or cake the form of a 
DNA or RNA dlgonncleoUde which can be introduced 
into cells through a variety of means. DNA aid RNA 
oligonucleotides can be modified for stability as well as 
engineered to contain Inherent clearing activity. 



It has ateo been hypothesized that because ttNA and 
UNA are very similar ehemloal compound* UNA mole- 
cules with enzymatic activity could also be developed. 
This assumption proved correct and led to the develop- 
ment or a ^eneral-purposo" RNA-cleaving DNA 
enzyme. The attraction of DNAeyme* over ribozymes in 
that they arc very inexpensive to make and that became 
they are composed or DNA and not RNA, they are inher- 
ently more stable than riboayroes. 

Although mRNA targeting is Impeccable In theory* 
many additional considerations must be taken into 
account la applying these etrategtes in living cells 
Inclndlng mRNA rite selection,, drug delivery and 
Intracellular localization or the antlsense agent. 
Nevertheless, the Ongoing revolution in cell and molecular 
biology, combined wtm advances fin the emergmg disci- 
plines uf genomics and mfornurtfa, has made the concept 
of nontoxic, cancer-speciflc therapies more viable then 
ever and cnnbJuiefitodHvemuu^lnUii&iSeld. StemCdb 
2000;]8.>W?-3J9 



INTRODUCTION 

The notion that gene expression could be modified 
through use of exogenous nucleic acids derives from stud- 
ies by Paterson ct al. who first used single-stranded DNA 
to inhibit translation Of a complementary RNA in a cell-free 
system in 1977 [1]. One year later, Zamecmk and 
Staphcrvtan noted thai a short (13m) DNA oligonucleotide 
reverse complementary in sequence (antisense) to the Rous 



sarcoma virus COUld inhibit viral replication in culture [2], 
This observation is credited as being among the firal to sug- 
gest the therapeutic utility of undsense nucleic acids, a con- 
cept which ultimately led lo the awarding of a Laskcr Prise 
in Medicine to Dr. Zamecnik. In the mid 1980s, Che exis- 
tence of naturally occurring anilsense RNAs and their rale 
in regulating gene expression was demonstrated (3-5 1. 
These observations Were particularly importanl because the 
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ftci that naturally occurring antlscnse nucleic acids played 
a rola in regulating gene expression lenl support to the 
belief that exogcnously introduced reverse complementary 
nucleic acids might be utilized Lo manipulate gene expres- 
sion in living cells. These seminal papers, end the literally 
thousands which have followed, have stimulated the devel- 
opment of technologies employing nucleic acids to manip- 
ulate gene expression. Virtually all available methods rely 
on some type of nucleotide sequence recognition for target- 
ing specificity, but differ where and how they perturb the 
flow of genetic information [6]. Simply stated, strategies 
for modulating gene expression may be thought of us being 
targeted to the gene itself, or to the gene's messenger RNa 
(jtiRNa), Since lids review will be focused on strategies 
aimed at disrupting the use of mttNA, ontigene strategies 
will be addressed only briefly and mainly for the sake of 
completeness. 

Antigbne STRATEGIES 

At least three different approaches may be utilized for 
direct gene targeting. The "gold standard" is the gene 
"knockout" achieved by homologous recombination |7, 8), 
This approach results in the actual physical disruption of the 
targeted gene as a result of crossover events which occur 
during cell division between die targeting vector and the 
gene selected for destruction (Fig. 1A)> Homologous recom- 
bination is extremely powerful, but the technique is ham- 
percd by the fact that it remains inherently inefficient, 
rtme-consurnjng. and expensive. While improvement in the 
efficiency of this process has been achieved [9, 10], this is a 
method 'which remains restricted to use in cell lines and ani- 
mal models, if for no other reason than selection is required 
to find the cells in which the desired events have takes 
place. In clinical situations what high efficiency geoe dis- 
ruptions are required, U Keems unlikely thai this approach 
will serve as a useful therapeutic modality anytime in the 
foreseeable future. 

A second option for gene targeting employs synthetic 
oligodeoxynudeouaes (ODN) capable of hybridizing with 
double-stranded DNA [11-13]. Such hybrids are typically 
formed within the major groove of the helix, though 
hybridization within the minor groove has also been 
reported [14]. In either cose, a triple-stranded molecule is 
produced, hence the origin of die Lerm triple helix-farming 
oligodeoxynueleotide (TFO) (Fig. IB), TFOs do not 
destroy a gene but prevent its transcription either by pre- 
venting unwinding of the duplex or preventing binding of 
transcription factors to the geneV promoter, TFO sequence 
requirements tux based on the need for each base compris- 
ing the TFO to form turn hydrogen bonds (Hoogsleen 
bonds) with its complementary base in the duplex. This 



constrains TFOs to hybridization with the purine bases 
composing polypurinc-polypyrimidine tracks within the 
DNA. The targeting efficiency of TFOs is further con- 
strained by a number of factors, including need for divalent 
cations and perhaps most importantly, by access to DNA 
compacted within the chromosome structure. Recent 
experiments from Wang ct «/. and Kachetkova ex al have 
provided evidence that triple helix formation can occur in 
living cells, suggesting met these difficulties may ulti- 
mately be overcome [15-I7J. If shown practical, it has also 
been postulated that TFOs may prove useful in the treat- 
ment of certain genetic disorders such as sickle cell ane- 
mia, and hemophilia B. where their ability to trigger repair 
mechanisms might be used to correct single base pair 
mutations responsible for the disease [13. 18-201. 

Final approaches worth mentioning are the use of spe- 
cific nucleic acid sequences to act as "decnys" for tran- 
scription factors [21, 22]. and the use of polyamides and 
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other natural DNA-binding molecules called lexitropfiine, 
that bind to Specific bases in the minor groove of DNA [23, 
24). Tbe use of decoy molecules evolve* from tbe knowl- 
edge that transcription factor proteins recognize and Mod 
specific DNA sequences. In theory then, it is possible to 
synthesize nucleic adds which will effecfively compete 
with the native DNA sequences for available transcription 
factor proteins in viva If effective, the rate of transcription 
of the genes dependent on (lie particular factor involved 
will diminish. UnJess single gene transcription faoioni can 
be identified, it is difficult to conceive how ibis approach, 
though potentially effective for controlling cell growth, ecu 
be made gene-specific. The polyamide approach may prove 
feasible since Sequence-specific molecules can likely be 
eloigned and it appears mat molecules or this type can 
easily access DNA within the chromosomes [23-25], 

ANTT-MRNA SntATECl&S 

A gene may be effectively ''silenced* by Stabilizing 
its mRNA, thereby preventing synthesis of the protein it 
encodes. Targeting mRNA, while leas favorable than anti- 
gene strategics from a stoichiometric point of view, is 
nonetheless attractive because mRNA is in theory more 
accessible. Three basic strategies Save emerged for this 
purpose. One employs an oligonucleotide that acts as an 
alternate binding site, or "decoy* for rmjicln-srabilteing 
elements chat normally interact with a given mRNA [26, 
27]. By attracting away mRNA-etabiifcing protein, the 
decoy induces instability, and ultimately destruction. Of the 
mRNA. A newly developing approach is to effect RNA 
interference (KNAi) or post-rxenscripb'onaj gene silencing 
[28, 29], RNAi employs a gene-specific double-stranded 
RNA which, when introduced into a cell, leads to dimimi- 
tion of the targeted mRNA. The actual mechanism whereby 
this is accomplished is presently unknown but is under 
intense investigation with several clues being deciphered 
already [30, 31] including size end necessity for processing 
of the targeting dsRNA. In C elegant and Drosophiln this 
is a highly reproducible method for disrupting gene expres- 
sion. Some reports suggest that this technique can be 
adapted for use in mammalian cells [32], but ibis remains 
uncertain at the moment. Finally, there is the more familiar, 
and more widely applied "ann'sense 11 strategy. We will 
focus on the latter. 

Aniiaense (reverse complementary) nucleic acids are 
introduced Into a cell in hopes that they will form Watson- 
Cnok buBo pairs with the targeted gene's mRNA. As 
stated above, duplexed mRNA cannot be translated, and 
almost certainly initiates processes which lead to Its 
destruction. The an ti sense nucleic acid can tafco the form of 
RNA expressed from a vector which has been transfected 
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into the cell [33), or take the form of a DNA or RNA 
oligonucleotide which can be introduced into cells 
through a variety of means. DNA and RNA oligonu- 
cleotides can be modified for stability as well as engi- 
neered to contain Inherent cleaving activity [34, 35], a 
number of these issues will be discussed In more detail in 
the sections below. 

Antbtnst Ollemjudeoddes (AS-ONs) 

ASONs are short stretches of nucleotides that arc com- 
plementary to a legion of targeied mRNA and can specifi- 
cally suppress expression of that particular transcript Tho 
following discussion will focus on the fundamental concepts 
concerning AS-ONs and their mechanisms of action. 
Examples of AS-ON use in experimental and clinical settings 
have been recently reviewed [36-381. 

The exact mechanism of AS*ON action remains 
unclear, but it is known to be different for various types of 
AS-ONs. Generally, these molecules block gene expression 
by hybridizing to the target mRNA, resulting in subsequent 
aouble^helix formation. This process can occur at any point 
between the conclusion of transcription and initiation of 
translation, or even posuibly during translation. Disruption 
of splicing, transport, or translation of the transcripts urn nil 
possible mechanisms, as is stability of transcript. Therefore, 
a major question is whether AS-ONs are most effective in 
the cytoplasm or nucleus. In the case of antisense 
Oiigotoxyribonucleotiaes (AS-ODNs), cellular RNase H 
is able to bind to the DNA-RNA duplex and hydrolyra the 
RNA, resulting in Increased transcript turnover. Any modi- 
fication to the deoxy moiety at the 2 / -sugar position 
prohibits RNase H action. 

Modified AS-ONs or AS-ON analogs are often 
employed for in vivo antisensc applications due to their 
increased stabiUry and nuclease resistance, A longer scrum 
hair-lire ensures that the AS-ON has ample time to reach 
and interact with its target mRNA. Fhosphorothjoate AS- 
ODNs are most widely used due to their long serum half- 
life and the fact that they ere a suitable RNase H substrate. 
However, phospharotbioatcs display high affinity for vari- 
ous cellular proteins, which can result in sequence-nonspe- 
ciflc effects 139, 40]. Furthermore, nigh concentrations of 
phcsphorothloaies inhibit DNA polymerases and RNase H, 
Which may render them ineffective ea antiaense agents [41). 
Interestingly, many AS-ONs with 2'-modificauons with 
groups such as O-melhyl, fluora, Q-propyl, O-allyJ, or 
many othere exhibit greater duple* stability with their tar- 
get mRNA along with antlsense effects independent of 
RNase H (Fig. 1). These modifications create bulk at the V 
position, causing sterie hindrance to play a significant role 
in increasing nuclease resistance. Nucleotide analogs 
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generally are also nucleaee-resistam end often demonstrate 
superior hybridization properties due [0 modified backbone 
charge, although they usually are oat acceptable RqbttlrHtes 
for RNase H. One example U peptide nucleic acid (PNa) 
where the sugar-phosphate moiety has been replaced by 2- 
amicoetnyl glycine carbonyi units (42J. To these units ore 
atwehed nucleotide bases spaced equally up an 10 DNA 
nucleotide bases. Instead of phosphodiester linkages 
between nucleotides, peplide bonds join die monomers to 
create q backbone neutral in charge. Not only do PNA 
oligomers hybridize lo complementary DNA and RNA by 
Watson-Crick baae pairing, they do so more quietly [43J 
and with greater affinity [4244] because of the neutral 
backbone. In addition, PNAs are better at discriminating 
between base pair mismatches [44] and form leas nonse- 
quence-spcclflc associations with proteins than phosphoro- 
thioaie oligonucleotides [45]. Positive charges can also be 
introduced to backbone scnicture as In the case of (2-amino- 
emyljphwphonates. Increased stability of duplex formation 
wiih both RNA and DNA has been reported with hybrid 
Stability being more pH-dependent and less salt-dependent 
than natural RNA or DNA duplexes [46]. 

Some insight into the mechanism of AS-ON action ha; 
emerged recendy through the work of Baker and colleagues 
(unpublished). Differences in ability to inhibit gene expres- 
sion occur when either 2'.rnodified AS-ONs or 2 / -unmodi« 
fied AS-ONfi are targeted to the exon 9 region of interleuVn 
5 (1L-5). Two forms Of IL-3 exist: a soluble IL-5 lacking the 
exon 9 region, and a membrane-bound form, which con- 
tains exon 9. When unmodified AS-ONs arc targeted to 
exon 9 of the 1L*5 transcript, the expression of both mem- 
brane-bound and soluble IL-5 i» inhibited. However, 2'- 
modified AS-ONs only suppress membrane-bound IL-5 
expression. These observations seem Lo suggest that RNosc 
H-depcndcm antisense effects arc a nuclear event prior to 
splicing, whereas RNase H-independcnt aligonueleohdes 
may affect spiking hi transcript processing or may suppress 
gene expression after .splicing has taken place. Additional 
evidence demonstrates thai in die absence of RNaae H 
activity, antiacne effects may be a result of interference 
with uanslational Initiaiion complex formation tor certain 
types of ^'-modified AS*ON such as 2'-0-(2-metho*y) 
ethyl AS-ONs [47]. 

Rlbosymes 

Naturally occurring rlbozymes are catalytic RNA mol- 
ecules that have the ability to cleave phosphodicsicr link- 
ages without die aid of protein-based enzymes. This 
property has been exploited to specifically inhibit gene 
expression by targeting mRNA for catalytic cleavage espe- 
cially In viral, cancer, and genetic disease therapeutics [US]. 



310 

Similar to AS-ONs. rib07,ymes bind to substrate RNA 
through Watson-Crick base pairing, which offers sequence- 
specific cleavage of transcripts. Ideally, these agents should 
trigger enhanced transcript turnover as compared to RNase 
H-medinted AS-ON degradadon or transcripts, considering 
ribozymcs act through bdmolecular kinetics (association of 
ribozyme and target transcript) whereas RNase H-depen- 
dent AS-ONs rely on trimolecular kinetics (association of 
AS-ON, target transcript, and RNase H). Since ribozymes 
are RNoso H-indepcndent, 2'-mcdificadons to increase sta- 
bility do not diminish antisense effects and experiments 8 
have shown some modification!) do not attenuate catalytic 
ability [49]. Unlike AS-ONs. rlbozymes can be expressed 
from a vector, which offers the advantage of oondnucd pro- 
duction of these molecules intracellularly [30, 5]], 
However, stable transformation of cells in vivo has its own 
complications and will not be discussed in this review. 

If ribozymes arc to perform effectively as "enzymE*/' 
they must not only bind substrate RNA but also dissociate 
from the cleavage product In order to act on additional sub- 
strates. Studies suggest thai in some cases, dissociation of 
cleavage product may be the rale-limiting step [52, 53]. 
Furthermore, some ribozymes require high divalent metal 
Ion concentrations for efficient substrata cleavage, which 
may limit their use in intracellular environments [34]. All 
of these concerns need 10 be addressed and overcome in 
order for ribozymes to have a future in medical therapy. 
Two ribozymes, the hammerhead ribozyme and the hairpin 
ribozyme, have been extensively studied due to their small 
size and rapid kinetic*. Their application has been recently 
reviewed in several publications (55-39]. * ' 4 

Hammerhead Rlboayroen 

The hammerhead ribozyme consists of a highly con- 
served catalytic core, which will cleave substrate RNA at 
NUH triplets 3' to the H, where N is any nucleotide, U Is 
uraclle, and H is any nucleotide but guanidinc (Fig. 2) [34]. 
In fact RNA cleavage may be leas restricted since recent 
studies demonstrate exceptions to the "NUH'' rule. 
Investigators have established that cleavage con actually 
occur 3' to any NHH triplet [59]. Funhermore, in vitro 
selection protocols have made it possible to screen for 
riboaymes with various cleavage specificities including 
one that cleaves at AUO sices [60]. Tbus. the limitations 
for sequence specificity of triplet-cleavage sites on the tar- 
get RNA are less than previously thought. In addition 10 
the cataiydc core, a particular cleavage site in a target 
RNA can be specifically recognized by the hammerhead 
ribozyme onr*. By creating coniplcmeniary sequences In 
the arms to sequences flanking the cleavage site, the 
ribozyme will hybridfee specifically to the RNA of interest. 



Supplied by The British Library - 'The world's knowledge" 



311 























-N' 






N — W 






N — N' 








Y 








G 








A 








A 




C' 
3 


-N N N N 

1 1 1 1 


A N N N 


-3' 




i i i l 1 1 1 1 
-N'N'N'N'H UN'N'N' 

i 


-5 



Figure 2, Hammerhead ribojyme (top strand) hybridized to tor. 
get AM. Arrow indicate* poxttifan of cleavage, N = A. G,T, or 
C; N' m nucleotide complemaimry to fit; ft = tiny nucleotide but 
Gf Y - pyrinudme nucleotide; R = purine nucleotide complementary 
to Y. Adapted fnm(S6 I 

Subsequent cleavage wiU then be directed towards tnac 
panlcularposjiion. 

The catalytic ability of hammerhead ribozymes is 
dependent on the presence of divalent metal ions, of which 
magnesium is most often used in vitro, it is postulated thai 
did ions sot only participate in RNA folding But also In the 
cleavage step Itself [34]. As mentioned previously, studies 
indicate that catalytic activity require* relatively high Mg u 
concentrations compared to the intracellular environmeni. 
This characteristic could be problematic in applying the 
hammerhead ribozyme to on in vivo setting where intra- 
cellular Mg 3 * concentrations are 3- to 10-fold lower than 
optimal in vitro condilionH. 

Much evidence supports diminished mRNA levels and 
gene products directly due to hammerhead ribozyme 
delivery. There is also indication from reverse transcrip- 
tase-polymerase Chain reaction (RT-FCR) and reverse lig- 
ation (RL)-PCR protocols of messenger RNA cleavage at 
the targeted position in cellular RNA extracts [61. 62]. 
Recently, more potent rihoxyme-mediated effect on viral 
and cancer cell growth compared to noncatalytic RNAs 
was reported [63, 641. However. In some Instances, ham- 
merhead ribozymes have not proven to be more effective 
than AS-ON and instead give oqual degrees of geoe sup- 
pression. Likewise, inactive control ribozymea where 
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antigens* binding can occur, but catalytic ability has been 
abolished, give similar levels of gene inhibition when 
Compared to fully catalytic hammerhead riboeyinea, sug- 
gesting thai the catalytic core, in some Instances, plays Ut- 
ile role in enhancing antisense effects [65]. Only further 
detailed studies will reveul the true utility of hammerhead 
ribozymea. 

Hairpin Ribozymes 

The natural hairpin ribozyme Is derived from a negative 
strand of the tobacco ringapot virus satellite RNA. Work on 
engineered hairpin ribozymes has resulted in a broader 
range of cleavage-sequence specificity. In general, a phoa- 
phodiester cleavage takes place 5' to the G in the sequence 
NOUC where N Is any nucleotide [66], although recent 
studies neve shown even less restriction on sequence 
requirements fox cleavage [67]. 

The overall structure of the hairpin ribozyme consists 
of two domains connected by a hinge section {Pig. 3X One 
domain binds the substrate RNA to form two helical 
regions separated by a pair of single-stranded loops. 
Cleavage occurs within the single-stranded area of the sub- 
strate RNA. The oilier domain Is similar in structure except 
the helixes are formed from the ribozyme folding back onto 
itself. The most important sequences for Cleavage activity 
are ihOSC within the single** trended regions where almost 
every nucleotide is conserved, while the helical portions 
can be almost any sequence as long as there is double-helix 
formation [58]. The hinge allows the two domains to be 
flexible relative to one another in space so that the two can 
dock together in an antiparallel orientation required for 
cleavage catalysis 168, 69j. 

Both the hairpin and hammerhead ribozymes require 
metal Ions for cleavage catalysis. In the hemmerhead 
ribozyme, metal ioqs ore believed to he involved directly In 
the cleavage step 134. 70]. whereas metal ions have not 
been implicated to be directly involved with cleavage for 
the hairpin ribozyme [71], The metal ions In hairpin 
ribozymes may Instead play an important role in ribozyme 
structure [72|. Fluorescence resonance energy transfer 
(FRET) studies on docking of the two domains show that 
docking is metal-dependent, but almost any metol will suf- 
fice even though they may not support Cleavage (73 1. In 
addition, docking is not the rate-limiting step, and since 
metal tons are not thought to be involved in the chemical 
cleavage step, it can only be assumed that there is a slower 
step in between docking and chemical cleavage. 

One of the advantages offered by hairpin ribozymes Is 
their unique iun-dependeoce for catalytic action. One 
group hs>! shown that aminoglycoside antibiotics with at 
least fouT amino groups ere ebic to both support and 10 
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inhibit hairpin ribozyrae cleavage depending an metal ion 
conditions [74]. In the presence of magnesium, aminogly- 
coside antibiotics inhibit ribozyme cleavage with ttie 
degree of inhibition depending on the binding affinity of 
the antibiotic lo the ribozyme. However, in die absence of 
metal ions, aminoglycoside antibiotics prove to assist 
cleavage with an optimum reaction condition tu pH 5.5 and 
poorer kinetics as the pH 15 increased, exactly opposite to 
trends observed for magnesium. In this case, the maiai ions 
arc most likely being replaced by the amino groups of 
these amibiorics. 

Polyamines such as spermidine and spermine have 
also been reported to support hairpin ribozyme cleavage 
ability. In the absence or magnesium, spermidine allows 
the cleavage reaction 10 persist at very slow kinetics com- 
pared to magnesium alone [72]. However, spermine alone 
gives very efficient cleavage of RNA comparable to that 
of magnesium, and when in the presence of low magne- 
sium concentrations similar to intracellular conditions, 
spermine displays considerable increase in cleavage rates 
[74]. The fact that spermine is the major polyamlne In 
eukaryoUc cells may explain why the hairpin riboayme has 
shown remarkable intracellular cleavage aoiiviiy in mam- 
malian cells and may make future uicrapcutic endeavors 
with the hairpin ribozyme much easier [75]. 

DNAzymes 

While investigating ways to improve the function of 
rflxwymes. Breaker and Joyce made Che assumption that 
bcc&uso RNA and DNA are very similar chemical compounds, 



figure X Hairpin rWotym in toe docked 
pogKbm The pyo loop regions aJSOClaw With 
each nthat in order to eletm rAp jpfanzfe 
AMI Arrow indicates ptmtian of deawge 
Adaptodfivml&l 

DNA molecules with enzymatic activ- 
ity could also be developed [76], This 
assumption proved correct and led to 
the development of a "general-purpose" 
RNA-cleaving DNA enzyme [77J. Hie 
molecule was identified from a library 
of > 1,000 different DNA molecules by 
successive rounds of in vitro selective 
amplification based on the ability of 
individual molecules to promote Mg**- 
dependenl, multirumover, cleavage of 
en RNA target 

The selected molecule was named 
the "10-23 DNA enzyme," beoauaa it 
was derived from the 23rd clone 
obtained after the I Oth round of seta, 
tivc amplification [77], The u 10-23 DNA enzyme" is 
composed of a catalytic domain of IS deoxynucleotides, 
flanked by 2 substrate-recognition domains of -8 nucleo- 
tide!) each (Pig. 4). The recognition domains provide the 
sequence Information required for specific binding to an 
RNA subttrale. They also supply the binding energy required 
to hold the RNA subswate within the active site of the 
enzyme, li Is sffalgniforwaid that by appropriately designing 
the flanking sequences, the DNAzyrae can be made to cleave 
virtually any RNA that contains a 'purine-pyrimidinc 
junction. 

The otcraotion of DNAzyraea over ribozymcs is that they 
are very Inexpensive to make and thai because they are com- 
posed of DNA and not UNA, ihsy aze inherently more stable 



5' 



UA AGGA-G A A G CCCCU U C AG C 

III 1 l l l l I I I III ill 

3' [ttIcct ctt ggggaagJtoI 6' 



G 
C 
A 
A 

C 



A G 



G 
C 
T 

G A 



Figure 4* Complex fanned by an mRNA (tap strund) and a "1023" DNAQjmB 
(bottom atrand). Vertical arrow indicates the mltNA cleavage site. Reptacnneni 
of C by A *tUh\ri the catalytic core of the DNAzyme (diagonal arrow) will 
eliminate its catalytic activity. Adapted from (77}. 
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than ribozymes. Nevertheless, DNAaymes must ultimately 
overcome the same problem* faced by ribozymes and 
oligonucleotides if they are to be effective in cellular sys- 
tems (see Maw). These axe liability, ability to be targeted 
to the cell of interesi, ability to achieve sufficient mtraceU 
tuiar concemmiloii to cleave to tha targeted mRNA, ability 
lo hybridize with their mRNA target, and lack of toxicity, 
in this regard, many of the chemical modifications 
employed ro stabilize ODNs can be incorporated into the 
10-23 DNA enzyme without loss of activity. There Is a sug. 
gesdon from recent reports that issues of intracellular con- 
centration and target hybridiawiion may also be solvable 
(78, 79]. 

Application or the "Antobnsb" Strategy 

Although aniisense interferenc* methods appear 
impeccable in theory, many additional considerations 
musi be mken into account in applying the strategy in liv- 
ing cells. Since both AS-ONs and ribozymes arc consid- 
ered oligonucleotides, quite often similar solutions can be 
offered to address the problems encountered. As men- 
tioned earlier, increasing stability of anthense agents can 
be easily achieved through nucleotide modifications or 
analogs. However, additional conBicbrationa crucial to 
reliable experimental outcome include mRNA she Selec- 
tion, drug delivery, and Intracellular localization of the 
amisense agent. 

mRNA Site Selection 

Within living cells, transcripls exist in low energy con- 
formations in which secondary Structures dominate in fold- 
in* the linear polymer. In addition, interactions with 
cytoplasmic proteins produce further structural properties. 
The end rcsuh is that much of tha rnRNA sequence is hid- 
den and only paraa! sequence* v/ithin the roml mRNA 
length arc accessible for nyctridizadoii. RNA folding pro- 
grams that generate ftree^irnemlonal folding patterns 
based on free energy calculations often give an unreliable 
depicdon for in vivo relevance. Therefore, a good empirical 
method to probe for suitable sites is necessary, 

A system lo probe for suitable sites in mRNA for AS* 
ON or ribOzyme-tDrgeting has recently been established 
using RNase H cleavage as on indicator for accessibility of 
sequences within transcripts [601. A mixture of ODNs thai 
are complementary lo e*rc&ja regions of a transcript is 
added to cell extracts and exposed to RNase H. RT-KR of 
the transcript can then be used to show which ODNs actu- 
ally had access lo the transcript and hybridized in order to 
create an RNasc H-vulncrsbie site. Combining this method- 
ology with computer-assisted sequence selection may 
enhance this approach as wejf 181 J. 
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Another technique currently being tested is the use of 
molecular beacons for site selection iGewtrtz et a/., 
unpublished). These molecules are ODNs with the ability 
to form sienvloops where the loops are targeted to 
regions of the transcript [82]. The stems have a floo- 
rophorc linked to either the 5' or 3' end and a quencher 
molecule is attached lo the other so that In the stem-loop 
configuration, fluorescence Is not observed due to the 
proximity of the quencher molecule to the fluorophore. 
However, when hybridisation proceeds, the aci of form- 
ing a double helix between the loop and the transcript 
causes unfolding of the stem-loop and brings the 
quencher and fluorophore apart in space. Thus, fluores- 
cence should increase as a result of hybridization. 
Currently, these molecules are being applied to probo for 
accessible sites within mRNA with very encouraging 
results (Jen and Gevirtz, unpublished). 

Delivery 

One of the major limitations for the therapeutic use of 
AS-ONs and ribozymes is the problem of delivery. Import 
of these compounds into cells can be accomplished by 
exogenous delivery in which presynthesfeed oligonu- 
cleotides come in direct contact with the plasma aicmbrane, 
resulting in subsequent cellular uptake [83). Nalced 
oligonucleotides are poorly incorporated into colls in this 
fashion and often require a vehlele for crTicieni delivery. In 
tissue culture, many classes of compounds have been used 
as delivery vehicles including canonic liposomes, oationic 
porphyrins, fuaoAftnie peptides, and artificial vlrosomes. 
These compounds share the characteristic of forming com- 
plexes with oUgonucieoddeK through electronic imerac- 
ticna between the negatively chained oligonucleotide 
phosphate groups and positive charges contained by the 
vehicles themselves. In addition, some decree of protection 
from nuclease degradation is conferred to the oligonu- 
cleotide when associated with such delivery vehicles. Other 
strategies including cell pcrTncabilizaiiDn with streptolysin- 
O and elccaoporaiion have been used [84] but are restricted 
In Utility for clinical settings. Presenlly, some success has 
been achieved in tissue culture, but efncicni delivery for in 
vivo animal studies remains questionable. 

Catiwiic lipids form stable complexes wlih oligonu- 
cleotides, which exhibit improved Cellular uptake [85-87], 
The result is enhanced antisense activity. Further studies 
indicate that phoephorothioatcd ODNs dissociate from 
cadoaic lipids before entering the nucleus where it is free to 
hinder target transcript function [SB], These compounds 
have proven to be qnitc effective In cell culture and have 
been CCWUnerclali2Cd. but their relatively high cytotoxic 
properties rn&y restrict their use. 
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Alternatives to cationic lipids are being explored. 
Recently, cationic porphyrins have proven to be effective 
vehicles for AS-ONa in tissue culture (89, 90]. Two 
cationic porphyrins used by Bentmetskaya and colleagues. 
tetr0(4-mcihylpyridy|) porphyrin (TMP) end terraanilinium 
porphyrin (TAP), demon* crate properties important for AS- 
ON delivery. S'-nuorcscein-labeled phosphorothioates 
show that both TMP and TAP more efficiently deliver AS- 
ONs into cells man naked AS-ONs. Nuclear fluorescence Is 
observed after porphyrin/ AS -ON complex exposure to cells 
while fluoresce"! labeled AS-ONs alone arc token up into 
vesicular structures. Thus, canonic porphyrins not only 
help AS-ON delivery into the cell, but they arc also able to 
localize the AS-ON in the nucleus where mRNA and 
RNete H ore present FRET studies on the ability of 
cationic porphyrins to quench 5'-fluoret»cein-1abcled phos- 
phorolhioales suggest intracellular Association of the 
oligonucleotide from the porphyrin. 

Fusogenic peptides form peptide cages around oligonu- 
cleotides in order 10 boost oligonucleotide uptake, Muny of 
these peptides contain polylysine residues, which cause mem- 
brane destabili2&llun (91 1. Others axe derived torn viral pro- 
teins such as the fustian sequence of HIV gp41 [92] and 
hemagglutinin envelop protein [93, 94]. Generally, these 
agents are less cytotoxic than lipids but are slill able to 
achieve similar delivery efficacy. Artificial virosomes are 
another class of delivery vehicles which Lake Advantage of the 
natural ability of d virus to gain entry into cells. Reconstituted 
influenza virus envelopes known as virosomes can fuse with 
•jukwumal membranas after internalization through receptor- 
mediated cndocyiosis [95]. Recently, cationic lipids have 
been incorporated into virosome niembranes to further aid 
delivery [96,97]. 

Finally, Dheur and colleagues have noted that while 
oligonucleotides delivered with lipofecuns usually do not 
elicit amisense activity (likely because cotionio lipid formu- 
lations do not protect unroodiGcd oligonucleotides from 
nuclease degradation), a cationic polymer, polyemylenimine 
(FED C98L improves the uptake and amisense activity of 
an tl sense phospbodiesicr oligc^oxynucleotides (PQ-ODN) 
(99]. Inuaestingly, PEI-phoaphorolhioatc (PS) ODN parti- 
cles were efficiently taken up by cells but PS-ODN did not 
disBociele from mo carrier. These investigators suggested 
that the low cost of PEJ compared with eytofeotuis, the 
increased affinity for larger mRNA and decreased afflnlry for 
proteins of PO-ODN compared with PS-ODN might make 
me use of PEI-PO-ODN very attractive. 

Localization 

in order for AS-ONs or rfbxjzyrnes to .suppress gene 
expression, they must be colocalized to the *ame intracellular 



compartment as their target mRNA. intracellular trafficking 
seems to play an important role in the fete of these mole- 
cules since their spatial distribution docs not correspond to 
simple diffusion. Many factors determine localization par- 
tem* of AS-ON end ribozymcs including the amisense 
agent itself, delivery vehicle, and targeted cell type. In addi- 
tion, evidence for cell cycle-dependent localisation patterns 
has been reported with nuclear localization predominantly 
in the Gj/M phase [100]. 

mRNAs can exist In several cellular compartments 
deluding the cytoplasm, nucleus, and nucleolus. It remains 
unclear tin to where oligonucleotides should be directed for 
most efficient antisense acdviry to occur, although endoso- 
mal localization usually predicts ineffective antisesse 
response. The optimal site for mRNA degradation may bo 
dependent on the type of amisense agent used [47]. 
Recently, ribozymes attached to small nucleolar RNAs 
(snoRNAs) called snoribozymos exhibited nearly 100% 
efficiency In cleaving a target RNA also localized to the 
nucleolus by enoRNA attachment (101). Even though this 
particular experiment is based on cleavage of an artificial 
substrate, die expanding roles associated with the nucleolus 
may prove the nucleolus to be an important site to target 
mRNA degradation [102]. In another study, antisansc RNA 
inserted within a variable region of ribosomal RNA (rRNA) 
proved to heighten ribozyme efficiency and may be due to 
^localization of rRNA with mRNA [103], 

ArrnsBNSE Drug Desikn 

Certain iuueit to be awara of concerning andsenee 
experimental design are quite important to the consistent 
and efficacious oulcome of inhibiting gene expression. 
Even when the above considerations regarding (he poten- 
tial problems of anusensc experiments ore addressed, other 
factors may come into play especially involving antisence 
drug design. Only two will be mentioned here; formation 
of G quartets and crdrality of modified oligonucleotides. 
Purine-rich oligonucleotides, especially onen containing 
four consccudvc guinine residues* have a tendency to form 
stable Latrameric structures under physiologic conditions 
[104]. The guinosioea of aingle-atrondcd oligonucleotides 
are not restrained in space by rigid double-helix structure 
and can therefore form various hydrogen bonds not 
observed in Watson-Crick base pairing. Tetraplcxcs 
known as G quartets arise as a result. Dissociation rates of 
these strucluroH may be quite slow and may prevent 
hybridization of AS-ONs or ribozymes to their target tran- 
script, Tendering them ineffective as antisansc agents. 
However, the absence of G quartet structures at 37°C under 
cellular salt conditions could mean that O quartet forma- 
tion ie irrelevant at physiologic temperatures [105]. 
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Interestingly, nonsecuence-spocific gene Inhibition by 
phoephorothioatc oligonucleotides attaining tetnujuino- 
ainc tracts prove aptenteric propenies can ploy no important 
role in gene inhiW lion for aorac sequences of ONs [106J. 

Another important aspcci u> consider is th* i ssue 0 f chi- 
reiity for certain oligonucleotides. Unmodified phospbodi- 
eater oligonucleotides do nor have a chir&l center at the 
phosphorous position. However, when a terminal oxygen 
or the phosphate is replaced by a sulftif. as In PS-OM, 
the phosphorous gains chlraJIry. Trie digestion kinetic? of 
PS-ONs by 3'-cxonuclcases display W-eaponenuol decay 
with a ftiSl and slow phase of digestion. These phases arc due 
to stereoselectivity of the 3'-exonuclcasc5 on the Chiral phos- 
phorothioare center 1 1 07], A 25-mer containing a 3'-ierminal 
inlemucleoiide linkage in the S-COJlflguraiion degrades 300- 
fold slower than the same 25-mer with an R^cmfigurarion 
ptiasphorothloaie linkage. 

Conclusions 

Trie ongoing revolution in cell and molecular biology, 
comoined with advance* in the emerging disciplines of 
genomicH and informatics, has made the concept of non- 
toxic, cancer-specific therapies more viable then ever. Hie 
recent development of a relatively specific biochemical 
inhibitor of the bcr/abl protein tyrosine Kinase in patients 
with chronic myelogenous leukemia is a atunning example 
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of thie principle fJ08). For iherapiaa focused on direct 
replacement, repair, or disabling or ditaase-cauging genes, 
progress has been much slower and 0 successful equivalent 
10 the Diochemical bcr/abl inhibitor has yet 10 be achieved. 
In the case of enti-mRNA strategics, it Is hoped that the 
above discussion will have made the reasons for (hi* 
clearer. Given the state of the art, ir is perhaps not surpris- 
ing that effective and efficient clinical translation of the 
andsense strategy has proven elusive. While a number of 
phase i/11 trials employing ONs have been reported [109- 
1 16], virtueiiy all have been characterized by a lack of ton- 
icity but only modest clinical effecu. A recent paper by 
Waim €i al. describing the use of a bci^iargcted ON in 
patients with non-Wodgkin's lymphoma h typical in This 
regard [117 J 18 1. 

Tho key challenges to this field have been outlined 
above. It is dear that they will have to be solved if this 
approach to specific antitumor therapy is to become a use- 
flli treatment approach. A large number of diverse and tal- 
ented groups are working on this problem, and we can ail 
hope that their efforts will help lead to asriiWishmtnl of this 
promising form of therapy. 
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SPECIFIC AIM 

The human inhibitor of apoptosis protein (IAP) survivin 
and its lower eukaryote homologues have been implicated 
in apoptosis and regulation of cell cycle. In this study, we 
have investigated mitotic role(s) of survivin by using 
survivin antisense oligonucleotides (FsO~) and func- 
tion blocking anuVsundvin antibodies (s"Ab), followed 
by fluorescence microscopy and live cell cinematogra- 
phy; we postulate that the function of survivin in 
dividing cells is integrated with the spindle checkpoint 
mechanism composed of mitotic regulators that moni- 
tor integrity of the genome. 



PRINCIPAL FINDINGS 

1. Survivin antisense oligonucleotides induce abortive 
mitosis and polyploidy 

To investigate the effects of survivin inhibition on 
mitotic progression, we introduced fluorescein isothio- 
cyanate (FITC) -conjugated scrambled control (FcO~) 
or survivin (FsO~) oligonucleotides into the HeLa and 
PtKl cells by either a microinjection method or lipo- 
some-mediated DNA transfer. In HeLa cells transfected 
with the FsO~, the endogenous survivin protein was 
reduced significandy in a concentration-dependent 
manner by -30-to-80% (P<0.05; 200 nM FsO", 
P<0.01; 400 nM FsO") whereas the FcO~ had no 
effect. Moreover, the percentage of abnormally large 
and micronucleated (MN) cells was significantly in- 
: creased (F<0.01) in the FsO" transfected PtKl cell 
populations (polyploid 18.1±3.3, MN 11.5±3.5) com- 
pared with controls (polyploid 3.1 ±0.8, MN 2.5±1.5). 
Induction of polyploidy was confirmed with HeLa cells 
that were microinjected with FcO~ or FsO~. 

In the chemically M phase-arrested PtKl cells, the 
percentage of FITC-positive cells with MN was signifi- 
cantly increased at 0, 2, 6 (P<0.05), and 8 h (P<0.01) 
in the FsO" transfected cells compared with controls, 
indicating that the FsO "-treated cells were able to 
bypass the M phase block. We also determined how 
many nocodazole-treated, M phase-arrested cells 



showed signs of abortive mitosis such as decondensa- 
tion of chromatin and formation of cleavage furrow at 
the various times. FsO~ targeted cells aborted M phase 
more frequently than control cells especially at 6 
(P<0.01) and 8 h (P<0.05), when 19.0 ± 2.3% and 
12.3 ± 3.5% of the FITC-positive cells were in the 
process of exiting M phase, respectively. 

2. Anti-survivin antibody (s'Ab) induces premature 
onset of anaphase and escape from chemically 
induced M phase block 

To investigate the effects of perturbed survivin function 
during different mitotic phases, we used a microinjec- 
tion technique with s'Ab (Fig. 1A). For control injec- 
tions, we used KC1-P0 4 microinjection buffer (cBuf). 
The cells injected with the s'Ab between late prophase 
and early prometaphase showed specific cell division 
defects. The cells either separated their sister chroma- 
tids prematurely at late prometaphase or spent a signif- 
icantly shorter period at the metaphase stage (Fig. IB, 
Q. Nine of 22 injected PtKl cells initiated anaphase at 
late prometaphase before all the chromosomes had 
moved to the spindle equator. The remainder of the 
s'Ab-injected PtKl cells (n=13) spend a significandy 
shorter time at the metaphase stage than the controls 
(Fig. 1C; 4.6±L1 min vs. 8.6±1.9 min, P<0.01). Fur- 
thermore, the cells injected with s'Ab at late prophase 
or early prometaphase started anaphase in an average 
26.8 ± 5.3 min (range 17-34 min) after the nuclear 
envelope breakdown (NEB), which is significantly dif- 
ferent from the controls (Fig. 1C; 32.9±6.9 min, 
P<0.05). All s'Ab-injected cells, including those experi- 
encing premature onset of anaphase, exit mitosis nor- 
mally without defects in cytokinesis. 

To determine whether blocking of survivin function 
during mitotic arrest would affect the length of the 



1 To read the full text of this article, go to http://www. 
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Figure 1. Effects of s'Ab microinjection on progression of cell division. A) In mitotic (M) PtKI extracts, the s'Ab recognizes a 
major band at ~16 kDa. Microscope images show the immunofluorescent localization of survivin at the mitotic spindle poles 
(arrowheads). B) Time-lapse sequence of a PtKI cell injected with s'Ab at early prometaphase. The chromosomes move toward 
the spindle equator; 15 min after the injection, all but one (arrowhead) chromosome had aligned at the equatorial plate. When 
the sister chromatids of the aligned chromosomes separate 22 min after the injection, the unaligned chromosome is still 
mal-oriented and both of its sister chromatids move to the same spindle pole. C) Diagram showing the duration of different 
mitotic phases in cBuf and s"Ab-injected PtKI cells. The s'Ab injection did not affect the prometaphase chromosome movements, 
as the mean duration of the prometaphase (NEB-Meta) was the same as in the cBuf-injected cells. However, the duration of 
metaphase stage (Meta-Ana) and the average time from NEB to onset of anaphase were significantly shorter in the s'Ab-injected 
cells than controls. 



metaphase delay, we injected nocodazole- or taxol- 
treated PtKI cells with s'Ab. All of the s'Ab-injected cells 
(n=10) escaped the M phase block within 3 h of the 
injection (149.7±37.8 min) whereas all the control 
cells (n=10) remained arrested in M phase for at least 
8 h. Cells treated with spindle poisons and injected with 
s'Ab decondensed their chromosomes and returned to 
interphase without completing cytokinesis, and conse- 
quendy formed micronucleated giant cells. 

3. The 3F3/2 phosphoepitope is lost prematurely 
from the mitotic kinetochores in s'Ab-injected 
PtKI cells 



PtKI cells, the 3F3/2 phosphoepitope is lost prema- 
turely from the kinetochores of prometaphase chromo- 
somes whereas the fluorescence of the spindle pole 
located 3F3/2 signals did not change over time (Fig. 
2A). The kinetics of the loss of fluorescent 3F3/2 
signals from the kinetochores corresponds well with the 
timing of the precocious separation of the sister chro- 
matids. Loss of all kinetochore-bound 3F3/2 phospho- 
epitope from the s'Ab-injected cells takes on average 
14.0 ± 3.0 min after NEB, which is significantly shorter 
than 24.0 ± 4.0 min of cBiif-injected cells (Fig. 2B; 
P<0.01). 



One marker for the spindle checkpoint is the 3F3/2 
phosphoepitope that responds to physical tension me- 
diated by the opposing spindle microtubules at the 
sister kinetochores of a chromosome. In a normal cell, 
3F3/2 epitopes are phosphorylated during promet- 
aphase and localize to the kinetochores of chromo- 
somes and to the spindle poles, but as the chromo- 
somes move to the spindle equator, the 3F3/2 epitope 
is dephosphorylated and lost from the kinetochores 
(but not from the spindle poles), which marks deacti- 
vation of the spindle checkpoint. In the s'Ab-injected 



CONCLUSIONS 

Here we show that perturbation of the survivin function 
by antisense targeting at G2 phase of die cell cycle 
causes cell division defects, resulting in aneuploidy and 
polyploidy. To investigate the possible mechanisms of 
the observed mitotic defects in detail, we microinjected 
early mitotic PtKI cells with s'Ab and followed them 
through mitosis. To our surprise, the s'Ab-injected cells 
exhibited premature separation of sister chromatids 
but had no apparent difficulties in exiting mitosis. To 
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our knowledge this is the first data implicating survivin 
in the actual process of chromosome segregation. 
Moreover, in the s'Ab-injected cells, the kinetochore- 
bound 3F3/2 phosphoepitope was lost prematurely at 
late prometaphase, which indicates that the spindle 
checkpoint was affected in these cells. Finally, introduc- 
tion of sO~ or s'Ab into M phase arrested cells induced 
abortive mitosis, yielding aneuploidy and polyploidy. 
Together, these results propose a link between the 
survivin function and control of metaphase-anaphase 
transition by the spindle checkpoint. 
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Figure 2. 3F3/2 phosphoepitope is lost precociously from the 
kinetochores of PtKl cells after introduction of s'Ab. A) 
Fluorescent micrographs depicting two PtKl cells injected 
with s'Ab at early prometaphase and then allowed to progress 
in their division for 3 and 8 min, respectively, before fixation 
and immunolabeling. The cell fixed 3 min after injection had 
a normal 3F3/2^staining pattern with bright 3F3/2 signals at 
the kinetochores of unaligned chromosomes (some depicted 
with arrowheads) and spindle poles (arrows). The cell fixed 8 
min after the injection had lost most of its kinetochore-bound 
3F3/2 epitope, although it was still at prometaphase stage 
with many unaligned chromosomes. Only two faint 3F3/2 
positive kinetochores could be seen (arrowheads). The spin- 
dle poles had normal 3F3/2 signals (arrows). In both cells, 
the injected s'Ab accumulated at the spindle poles (arrows in 
the rabbit IgG panel). B) Percentage of 3F3/2 positive 
kinetochores in cell populations injected with s'Ab or cBuf. 
Groups of 5 to 10 PtKl cells were injected with the antibody 
at late prophase/ early prometaphase and allowed to progress 
in their division for the times indicated before fixation and 
immunolabeling with anti-3F3/2 ascites and Crest anti-cen- 
tromere sera. The percentage of 3F3/2 spots colocalizing 
with Crest signals was determined for each injected cell. (ND, 
not detected). 
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Figure 3. Possible targets of survivin isoforms during mitosis. 
The differentially expressed survivin isoforms may participate 
in regulation of various cell division events, including separa- 
tion of sister chromatids and cytokinesis. 



A possible explanation for the different mitotic ef- 
fects induced by survivin targeting is provided by the 
recent discovery of three human and murine survivin 
isoforms. These survivin isoforms may play multiple 
roles in regulating apoptosis and cell division in mam- 
mals (Fig. 3). The present results raise questions about 
the possible mitotic target(s) and the mitotic signaling 
cascades the survivin isoforms may participate in (Fig. 
3). Survivin shares some characteristics with classical M 
phase regulatory molecules. It transiendy localizes to 
the kinetochores, centrosomes, and microtubules dur- 
ing mitosis and is destroyed by ubiqui tin-mediated 
proteolysis in a cell cycle-dependent manner. More- 
over, the survivin-like C. elegans BIR-1 protein interacts 
with aurora-like kinase AIR-2, a member of aurora/Ipll 
kinase family that has been implicated in cell division 
and chromosome segregation. In addition, aurora2 ki- 
nase associates with Cdc20, a regulator of anaphase- 
promoting complex/cyclosome (APC/C) that counter- 
acts effects of Mad2, an inhibitor of APC/C activity. 
Introduction of anti-Mad2 antibodies into mitotic cells 
causes premature activation of APC/C and precocious 
onset of anaphase, an event similar to what we have 
observed after s"Ab injections. It is tempting to specu- 
late that the cell division defects we detect after pertur- 
bation of survivin function could be caused by an 
impact on the aurora/Ipll kinases or on the activity of 
the APC/C. Finally, survivin may regulate 3F3/2 
phoshoepitope phosphorylation, as the dephosphoryla- 
tion and consequent loss of the 3F3/2 phosphoepitope 
from the metaphase kinetochores mark deactivation of 
the checkpoint and activation of the APC/C, an event 
that occurred prematurely in s'Ab-injected cells. These 
results suggest that survivin is a mitotic regulator and 
possible component of the spindle checkpoint machin- 
ery. Elucidation of the mechanisms by which survivin 
modulates activity of the spindle checkpoint will be 
valuable in understanding how aneuploidy contributes 
to malignant cell growth and tumorigenesis. [£j] 



SURVIVIN AND MITOTIC PROGRESSION 



2723 



Vol 270, No. 14, Issue of April 7, pp. 8037-8043, 1995 
Printed in l/.S-A. 



Expression of Antisense to DNA Methyltransf erase mRNA Induces 
DNA Demethylation and Inhibits Tumorigenesis* 

(Received for publication, October 10, 1994, and in revised form, January 24, 1995) 
A. Robert MacLeod and Moshe Szyft 

From the Department of Pharmacology and Therapeutics, McGill University, Montreal H3G 1Y6, Canada 



Many tumor cell lines overexpress DNA methyltrans- 
ferase (MeTase) activity; however it is still unclear 
whether this increase in DNA MeTase activity plays a 
causal role in naturally occurring tumors and cell lines, 
whether it is critical for the maintenance of transformed 
nhenotypes, and whether inhibition of the DNA MeTase in 
tumor cells can reverse transformation. To address these 
basic questions, we transfected a murine adrenocortical 
tumor cell line Yl with a chimeric construct expressing 
600 base pairs from the 5' of the DNA MeTase cDNA in the 
antisense orientation. The antisense transfectants show 
DNA demethylation, distinct morphological alterations, 
are inhibited in their ability to grow in an anchorage- 
independent manner, and exhibit decreased tumongemc- 
ity in syngeneic mice- Ex vivo, cells expressing the anti- 
sense construct show increased serum requirements, de- 
creased rate of growth, and induction of an apoptotic 
death program upon serum deprivation. 5-Azadeoxycyti- 
dine-treated cells exhibit a similar dose-dependent rever- 
sal of the transformed phenotype. These results support 
the hypothesis that the DNA MeTase is actively involved 
in oncogenic transformation- 
Vertebrate DNA is methylated at the 5-position of the cyto- 
sine residues in the dinucleotide sequence CpG (1, 2). Twenty 
percent of the CpG sites are nonmethylated, and these sites are 
distributed in a nonrandom manner to generate a pattern of 
methylation that is site-, tissue-, and gene-specific (1-3). Meth- 
ylation patterns are formed during development: establish- 
ment and maintenance of the appropriate pattern of methyla- 
tion is critical for development (4) and for defining the 
differentiation state of a cell (5-7). The pattern of methylation 
is maintained by the DNA MeTase 1 at the time of replication 
(8), and the level of DNA MeTase activity and gene expression 
is regulated with the growth state of different primary (8) and 
immortal cell lines (9). This regulated expression of DNA 
MeTase has been suggested to be critical for preserving the 
pattern of methylation (8-10). 

An activity that has a widespread impact on the genome such 
as DNA MeTase ia a good candidate to play a critical role in 
cellular transformation. This hypothesis is supported by many 
lines of evidence that have demonstrated aberrations in the 
pattern of methylation in transformed cells. While many re- 
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ports show hypomethylation of total genomic DNA (11) as well 
as individual genes in cancer cells (12), other reports have 
indicated that hypermethylation is an important characteristic 
of cancer cells (13). First, large regions of the genome such as 
CpG-rich islands (14) or regions in chromosomes 17p and 3p 
that are reduced to homozygosity in lung and colon cancer, 
respectively, are consistently hypermethylated (15, 16). Sec- 
ond, the 5' region of the retinoblastoma (Rb) and Wilms Tumor 
(WT) genes are methylated in a subset of tumors, and it has 
been suggested that inactivation of these genes in the respec- 
tive tumors resulted from methylation rather than a mutation 
(17) Third, the short arm of chromosome 11 is regionally hy- 
permethylated in certain neoplastic cells (15). Several tumor 
suppressor genes are thought to be clustered in that area (18). 
If the level of DNA MeTase activity is critical for maintaining 
the pattern of methylation as has been suggested before (8-10), 
one possible explanation for this observed hypermethylation is 
the fact that DNA MeTase is dramatically induced in many 
tumor cells well beyond the change in the rate of DNA synthe- 
sis (13, 19). The observation that the DNA MeTase promoter 
bears AP-1 sites (20) and is activated by the Ras-AP-l signaling 
pathway (21) is consistent with the hypothesis that elevation of 
DNA MeTase activity is an effect of activation of the Ras-Jun 
signaling pathway (22). 

It has recently been demonstrated that forced expression of 
exogenous DNA MeTase cDNA causes transformation of NIH 
3T3 cells supporting the hypothesis that overexpression of 
DNA MeTase can cause cellular transformation (23). The crit- 
ical question that remains to be answered is whether indeed 
the level of expression of the endogenous DNA MeTase plays a 
causal role in tumors that are induced by naturally occurring 
oncogenic signal transduction pathways. To address this ques- 
tion, we have chosen the adrenocortical carcinoma cell line Yl 
as a model system. Yl is a cell line that is derived from a 
naturally occurring adrenocortical tumor in LAFl mice (24). Yl 
cells bear a 30-40-fold amplification of the ras proto-oncogene 
(25). If the level of expression of DNA MeTase activity is critical 
for the oncogenic state, then the transformed state of a cell 
should be reversed by partial inhibition of DNA methylation. 
We have previously demonstrated that forced expression of an 
"antisense* mRNA to the most 5* 600 bp of the DNA MeTase 
message (pZoM) can induce limited DNA demethylation in 
10T1/2 cells (7). To directly test the hypothesis that the tumor- 
igenicity of Yl cells is controlled by the DNA MeTase, we 
transfected either pZaM or a pZEM control into Yl cells. We 
demonstrate that inhibition of DNA MeTase activity causes 
demethylation of Yl DNA and results in reversal of the turaor- 
igenic phenotype suggesting that DNA MeTase plays a critical 
role in tumorigenesis. 

MATERIALS AND METHODS 
Cell Culture and DNA-mediated Gene Transfer— Yl cells were main- 
tained as monolayers in F-10 medium which was supplemented with 
7.25% heat-inactivated horse serum and 2.5% heat-inactivated fetal 
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FlO 2 DNA MeTase expression, activity, and genomic methyl- 
ation levels of pZaM transfectants. Total cellular RNA (10 Mg) 
prepared from pZoM lines (4, 6, 7. and 9), pZEM transfectants < / and / ) 
-md from Yl controls was subjected to Northern blot analysis and 
hvbridization with a 1.3-kb DNA MeTase 3'-cDNA probe (encoding 
bases 3170-4480 from the cloned mouse cDNA (27)). The filter was 
tripped and rehybridized with an 18 S rRNA probe. Relative MeTase 
expression was determined by densitometry analysis (sec text). 



transfectants was subjected to a Northern blot analysis and 
sequentially hybridized with a probe to the putative catalytic 
domain of the mouse DNA MeTase mRNA (MET 3') and an 18 
S rRNA-specific ^P-labeled oligonucleotide probe as described 
under "Materials and Methods/'' A result of such an analysis is 
presented in Fig. 2. Scanning of the autoradiogram indicates 
that the relative abundance of the 5-kb DNA MeTase mRNA 
(Fig. 2, top panel) relative to 18 S rRNA (Fig. 2, bottom panel) 
is reduced 2-fold in the three antisense transfectants. To quan- 
tify expression of DNA MeTase, the different RNA samples 
were subjected to a slot-blot analysis and sequential hybridiza- 
tion with the DNA MeTase and 18 S rRNA probes. The relative 
level of DNA MeTase mRNA in the different samples was 
determined by scanning densitometry. The results of such an 
analysis show that the pZaM transfectants exhibit an average 
decrease of 45% and a maximal decrease of 58% in the abun- 
dance of DNA MeTase mRNA relative to the pZEM controls (p 
< 0.001). The mean value for the control group was 0.480 ; S.D. 
- 0.104. the mean for the antisense group was 0.280. S.D. = 
0.066. 

We next compared the DNA MeTase enzymatic activity pres- 
ent in nuclear extracts prepared from antisense transfectants 
relative to control pZEM transfectants using S-\methyl- 3 H}ade- 
nosyl-L-methionine as the methyl donor and a hemi methyl a ted 
double-stranded oligonucleotide as a substrate. The results of 
two experiments with triplicate determinations each indicate 
that the three pZoM transfectants express a lower level of DNA 
MeTase activity than the control transfectants with an average 
inhibition of DNA MeTase activity of 42% and a maximum of 
48% relative to control (p < 0.05). 

Whereas our experiments demonstrate that the DNA 
MeTase antisense transfectants bear a lower level of DNA 
MeTase activity than the control transfectants, it is important 
to note that we' measured only steady state levels in the trans- 
fectants. It is hard to assess the actual level of inhibition of 
DNA MeTase activity at the time of transection, when a higher 
copy number of DNA MeTase antisense RNA might have been 
present in the cell. The steady state level of J3NA MeTase 
mRNA might reflect an equilibrium of different cellular regu- 
latory controls over the level of DNA MeTase activity in the 
cell. To directly demonstrate that expression of the DNA 
MeTase antisense leads to inhibition of DNA methylation ac- 
tivity in the cell, we determined whether it leads to a general 
reduction in the level of methylation of the genome. We per- 
formed a "nearest neighbor" analysis using [a- 32 P]dGTP as 
described previously (6). This assay enables one to determine 
the percentage of methylated and nonmethylated cytosines 
residing in the dinucleotide sequence CpG (6). The results of 
three such experiments show that the mean value for the 
pZEM controls as a group was 9.7% nonmethylated cytosines, 
S.D. = 2.13, the mean value for the antisense lines as a group 



was 23.83% cytosine, S.D. - 5.88. p < 0.00.1. 

In summary, our experiments demonstrate that expression 
of an antisense to the DNA MeTase mRNA leads to partial 
inhibition of DNA MeTase mRNA and DNA MeTase enzymatic 
activities and a significant reduction in the level of genomic 
cvtosme methylation. 

* Demethylation of Specific Genes in Yl and pZaM Transfer 
lanU— To further verify that expression of pZaM results in 
demethylaiion and to determine whether specific genes were 
demethvlated. we resorted to a HpaWMspl restriction enzyme 
analysis followed by Southern blotting and hybridization with 
specific gene probes. Hpall cleaves the sequence CCGG, a 
subset of the CpG dinucleotide sequences, only when the site is 
unraethylated, while Mspl will cleave the same sequence irre- 
spective of its state of methylation. By comparing the pattern of 
Hpall cleavage of specific genes in cells expressing pZaM with 
that of the parental Yl or cells harboring only the vector, we 
determined whether the genes are demethylated in the anti- 
sense transfectants. We first analyzed the state of methylation 
of the steroid 21-hydroxylase gene (C21) (29, 31). This gene is 
specifically expressed and hypomethylated in the adrenal cor- 
tex, but is inactivated and hypermethylated in Yl cells (29, 31). 
We have previously suggested that hypermethylation of C21 in 
the Yl cell is part of the transformation program that includes 
the shutdown of certain differentiated functions (29). DNA 
prepared from Yl, pZaM (4, 7, 9), and pZEM (1 and 7) trans- 
fectants was subjected to either Mspl or Hpall digestion, 
Southern blot analysis, and hybridization with a 3.8-kb i?amHI 
fragment containing the body of the C21 gene and 3' sequences 
(Fig. 3. bottom panel, for physical map). Full demethylation of 
this region should yield a doublet at - 1 kb, an 0.8-kb fragment, 
and a 0.4-kb fragment, as well as a number of low molecular 
weight fragments at 0.1-0.4 kb. As observed in Fig. 3.. the C21 
locus is heavily methylated in Yl cells, as well as the control 
transfectant, as indicated by the high molecular weight frag- 
ments. Only a relatively weak digestion product is seen at 1.9 
kb (Fig. 3). This pattern of hypermethylation of C21 which is 
observed in Yl cells and different control transfectants, that 
were analyzed in our laboratory in the last 5 years, is markedly 
stable. On the other hand, the antisense transfectants DNA is 
significantly hypomethylated at this locus as indicated by the 
relative diminution of the high molecular weight fragments 
and relative intensification of the partial fragment at 1.9 kb. 
The appearance of new partial fragments in the lower molecu- 
lar weight range between 1 and 0.4 kb indicates partial hypo- 
methvlation at a large number of Hpall sites contained in the 
3' region of the C21 gene (see physical map) (29, 31). The 
pattern of demethylation, indicated by the large number of 
partial Hpall fragments, is compatible with a general partial 
hypomethylation rather than a specific loss of methylation in a 
distinct region of the C21 gene. 

To determine whether demethylation is limited to genes that 
are potentially expressible in Yl cells such as the adrenal 
cortex-specific C21 gene (29) or if the demethylation is widely 
spread in the genome, we tested the methylation state of the 
MyoD (32) and p53 5' locus. Specific demethylation of MyoD 
and the p53 fragment was seen in the pZ«M transfectants 
(data not shown). 

Morphological Transformation Loss of Anchorage-independent 
Growth and Inhibition of Tumorigeniciiy ofYJ Cells Expressing 
Antisense to the DNA MeTase— As the level of DNA MeTase 
activity is regulated with the state of growth and is induced in 
transformed cells and in tumors in vivo (8, 9, 13, 19), we deter- 
mined whether expression of the DNA MeTase antisense con- 
struct results in a change in the tutnorigenic potential of Yl cells. 
A comparison of pZaM transfectants and controls showed a small 
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but statistically significant reduction in the growth rate of anti- 
sense lines relative to the Yl controls especially at higher densi- 
ties (which is statistically significant, p < 0.001). This may reflect 
contact-inhibited growth and increased serum requirements of 
the antisense lines (data not shown). The morphological proper- 
ties of the pZaM transfectants further support this conclusion 
(Fig. 4). While control Yl and pZEM cells exhibit limited contact 
inhibition and form multilayer foci, pZocM transfectants exhibit a 
more rounded and distinct morphology* and grow exclusively in 
monolayers, and, in many cases, pZaM cells form distinct cellular 
processes (Fig. 4). 

The ability of cells to grow in an anchorage-independent 
fashion is considered to be an indicator of tumorigenicity (27). 
A soft agar assay performed in triplicate showed that the pZaM 
transfectants demonstrate a significant decrease in their abil- 
ity to form colonies in soft agar: pZEM 1 and 7 form an average 
of 38 and 37 colonies, respectively, while pZaM transfectants 4, 
7, and 9 formed an average of 12, 15, and 18 colonies, respec- 
tively. Moreover, the colonies that do form are significantly 
smaller and contain fewer cells. 

Another indicator of the state of transformation of a cell is its 
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Fig 4. Morphological transformation of Yl cells transfected 
with pZaM. Phase contrast microscopy at x 200 magnification of living 
cultures of Yl clonal transfectants with pZotM and pZEM controls. 
Equal numbers of cells were plated (1 x )0 5 cells per well m a six-well 
dish), and pictures were taken 72 h after seeding 

serum dependence. Tumor cells exhibit limited dependence on 
serum and are usually capable of serum-independent growth 
(33). Factors present in the serum are essential for the survival 
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Fig 5. Survival and apoptosis of pZEM transfectants in se- 
rum-deprived medium. A, the indicated transfectants were plated in 
\% serum-containing medium and harvested afler 1 and 2 days. Total 
cellular DNA was isolated, separated by agarose gel electrophoresis, 
transferred to nitrocellulose membrane, and probed with J2 P-labeled Yl 
genomic DNA. A ISO-bp intern ucleosomal ladder characteristic to cells 
dving via apoptosis can be seen in the pZcrM transfectants only. B. Yl 
transfectants were grown in 1% serum medium for 24 h, fixed, and 
analyzed bv electron microscopy for early signs of apoptotic death; 1-1 1 J 
are various sections (the magnification is indicated) of Yl pZ«M trans- 
fectants and pZEM control lines. 

of many nontumori genie cells. As observation of the pZaM 
transfectants indicated that they expressed enhanced depend- 
ence on serum and limited survivability under serum-deprived 
conditions, we determined whether this limited survivability 
involved an enhancement or induction of an apoptotic program. 
While the control cells exhibited almost 100% viability up to 72 
h afler transfer into serum-deprived medium, all pZaM trans- 
fectants showed up to 75% loss of viability at 48 h. 

To test whether the serum-deprived pZaM cells were dying 
as a result of an activated apoptotic death program, cells were 
plated in starvation medium and harvested at 24-h intervals » 
and total cellular DNA was isolated from the cells and analyzed 
by agarose gel electrophoresis. Afler 48 h in serum-starved 
conditions, pZaM transfectants exhibit the characteristic 
180-bp internucleosomal DNA ladder while the control pZEM 
transfectants show no apoptosis at this time point (Fig. 5A). 



Fig 6. In vivo tumorigenicity of pZ«M transfectants. A paren- 
tal Yl cells a pZEM control line, and three pZnr.M transfectants [4. ,\ 
and 9) were tested for their ability to form tumors in syngeneic LAh- 
mice Tumor formation was assessed by palpation ior 2 months alter 
injection. The number of mice forming tumors is tabulated. J he statis- 
tical significance of the difference between the control and aniisunsc 
transfectants was determined using a test; p > 0-001. * indicates that 
these tumors were negative for pZaM expression. B. loss of antisense 
DNA MeTase expression in tumors derived from antisense transfec- 
tants. RNA (10 ,xg> isolated from the indicated tumors was s^ctcd ^ 
Northern blot analysis and hybridization with the 0.6-kb MKT cDN A 
probe. Expression of the 1.3-kb antisense message is seen only m the 
original cell lines pZaM {4, 7, and .9) and is undetectable in tumors 
arising from pZaM transfectants or Yl cell lines even after long expo- 
sure. The filter was stripped of radioactivity and rehybndized with a 
^P-labcled oligonucleotide corresponding to 18 S rRNA 1.28). 

To' determine whether cells expressing antisense to the DNA 
MeTase exhibit early morphological markers of apoptosis, cells 
were serum-starved for 24 h, harvested, and analyzed by elec- 
tron microscopy. Fig. SB shows representative electron micro- 
graphs of several blocks of control pZEM and pZaM transfec- 
tants at various magnifications (/-///). The control cells have a 
fine uniform nuclear membrane whereas the pZorM cells ex- 
hibit the cardinal markers of apoptosis (34): condensation of 
chromatin and its margination at the nuclear periphery {panels 
1 and 77). chromatin condensation [panel U\ nuclear fragmen- 
tation (vanei formation of apoptotic bodies, and cellular 
fragmentation. Whereas it is still unclear whether apoptosis 
upon serum deprivation is directly enhanced by demethylation 
or is an indirect effect of the change in the transformed state of 
the transfectants, the serum deprivation-induced cell death is 
another indicator of the reversal of cellular transformation by 
DNA MeTase antisense. 

To determine whether demethylation can result in inhibition 
of tumorigenesis in vivo, we injected 1 x 10 6 cells for each of the 
Yl, pZEM, and pZcrM (4, 7. and 9) transfectants subcutane- 
ously into the syngeneic mouse strain LAF-1. The presence of 
tumors was determined by palpation. While all the animals 
injected with Yl or pZEM cells formed tumors, animals injected 
with the pZ«M transfectants had very few tumors arise (Fig. 
6A;p> 0.005). 

One possible explanation for the fact that a small number o! 
tumors did form in animals injected with the pZtr'M transfec- 
tants is that they are derived from revertants that lost expres- 
sion of the antisense to the DNA MeTase under the selective 
pressure in vivo. RNA was isolated from tumors arising from 
the pZaM transfectants, and the level of expression of the 
0.6-kb antisense message was compared with the transfectant 
lines in vitro (Fig. 6J5X The expression of the antisense message 
is virtually nonexistent in the tumors derived from pZaM 
transfectants even after long exposure of the Northern blots, 
supporting the hypothesis that expression of an antisense mes- 
sage to the DNA MeTase is incompatible with tumor growth 

in vivo. , 

DNA Demethylation Induced by 5-AzaCdR Results m Rever- 
sal of Cellular Transformation ex Vivo- To further verify that 
inhibition of DNA methylation results in reversal of cellular 
transformation and to exclude the possibility that the effects 
observed are nonspecific results of antisense expression we 
used an inhibitor of DNA methylation 5-azadeoxycytidine (5- 
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Fig. 7. Morphological change in Yl cells treated with 5-aza- 
CdR. Yl cells were treated with concentrations of 5-azaCdR ranging 
from 0-10 alm every 12 h for 72 h. Phase contrast microscopy at X 200 
magnification of living cultures of the treated cells is presented. 

azaCdR) that acts at a different site than antisense RNA (35). 
5-azaCdR is a deoxycytidine analogue that inhibits DNA meth- 
ylation once it is incorporated into DNA. It has been suggested 
that an irreversible complex is formed between the DNA 
MeTase enzyme and the C-6 position of the cytosine moiety 
(36). We treated Yl cells with concentrations of 5-azaCdR rang- 
ing from 0 to 10 every 12 h for 72 h. 5-azaCdR increases the 
proportion of cytosine to methylcytosine in the DNA by 1.6-fold 
in a dose-dependent manner (0-5.0 /zm) as determined by a 
nearest neighbor analysis. Over the same concentration range, 
cell viability in low serum is reduced from 80% to -40%, and 
the ability of cells to form colonies in soft agar is reduced by 
-50-fold. No differences were seen in the ability of cells to form 
colonies on regular plastic dishes. The 5-azaCdR-treated cells 
exhibited dose-dependent morphological changes similar to 
those observed in the pZaM transfectants (Fig. 7). This exper- 
iment suggests that 5-azaCdR treatment reversed the trans- 
formed phenotype of Yl cells but did not affect their viability. 

DISCUSSION 

This paper tests the hypothesis that overexpression of the 
DNA MeTase plays a causal role in cellular transformation by 
expressing an antisense message to the DNA MeTase in an 
adrenocortical carcinoma cell line. Expression of an antisense 
DNA MeTase (Fig. 1) leads to: (i) a limited reduction in DNA 
MeTase steady state mRNA and protein levels (Fig. 2), (iij a 
general but limited reduction in the methylation content of the 
genome (Fig. 2), (iii) demethylation of regions aberrantly meth- 
ylated in this cell line such as the adrenal specific 21 -hydrox- 
ylase gene (Fig. 3), (iv) morphological changes " indicative of 
inhibition of the transformed phenotype, (v) inhibition of an- 
chorage-independent growth as determined by soft agar as- 
says, (vi) inhibition of serum-independent survivability and 
induction of apoptosis under serum-deprived conditions, as 
well as (vii) inhibition of tumorigenesis in syngeneic mice (Fig. 
6) and (viii) inhibition of DNA methylation by 5-azaCdR, which 
acts at a site completely different from antisense to the DNA 
MeTase, also results in reversal of transformation indicators ex 
vivo. The fact that a 2-fold inhibition in DNA MeTase expres- 
sion is sufficient to induce such profound changes in the state 
of transformation of Yl cells is in accordance with previously 
published data showing that a 2-3-fold elevation in DNA 
MeTase activity by forced expression of an exogenous DNA 



MeTase in NIH 3T3 can induce cellular transformation of these 
cells (23). Whereas antisense expression is considered one of 
the most direct means to inhibit gene expression, no experi- 
mental method is devoid of potential complications. 5-azaCdR, 
which is the most commonly used DNA methylation inhibitor, 
has side effects (36, 37). However, the fact that both inhibitors 
had similar effects strongly validates our conclusions. The fact 
that 5-azaCdR inhibited transformation indicators but not the 
survival of the cells and their ability to form colonies, and the 
fact that the reversal of transformed phenotype was expressed 
weeks after the inhibitor had been removed is consistent with 
the model that 5-azaCdR triggered a change in the cellular 
program rather than a cytotoxic or cytostatic effect It stands to 
reason that this change in program was triggered by the initial 
demethylation event caused by the drug. 

Our experiments support a previously proposed hypothesis 
that overexpression of DNA MeTase is an important compo- 
nent of an oncogenic pathway(s) (22). Since Yl is a line derived 
from a naturally occurring tumor (24) which bears amplified 
copies of Ras (25), it is possible that hyperactivation of the DNA 
MeTase is triggered by the Ras-Jun signaling pathway (21. 22). 
The DNA MeTase promoter bears a number of AP-1 sites (20), 
and we demonstrated that the activity of the DNA MeTase 
promoter is dependent on binding of AP-1 (21) and that down- 
regulation of the the Ras-Jun pathway in Yl cells results in 
inhibition of DNA MeTase activity, hypomethylation, and re- 
versal of the transformed phenotype. 2 Our data might explain 
previous observations demonstrating an increase in DNA 
MeTase activity (13, 19) in cancer cells by suggesting that this 
increase is critical for the transformed state. 

What is the possible mechanism by which hypermethylation 
can cause cellular transformation? The answer to this question 
is still elusive and could not be resolved by the data presented 
in this paper; however, several hypotheses have been previ- 
ously suggested. One plausible explanation that has been pre- 
viously suggested by Baylin and his colleagues (38) is that 
methylation may establish abnormalities of chromatin organi- 
zation which in turn mediate the progressive losses of gene 
expression associated with tumor development. One interest- 
ing class of genes that might be affected are the tumor sup- 
pressor genes. There is evidence that ectopic inactivation of 
tumor suppressor genes by methylation contributes to cancer 
(39, 40). The promoter region of the RB-1 gene was found to be 
methylated in 6 of 77 retinoblastomas (17), and the 5' region of 
the WT-1 gene was methylated in 2 out of 29 Wilms tumors 
(40), w hiie the gene methylated was otherwise grossly normal. 
However, there is no evidence that tumor suppressor genes are 
the critical targets for hypermethylation in cancer cells or that 
tumor suppressor genes are selectively demethylated in the 
DNA MeTase antisense transfectants. Also, our unpublished 
data do not suggest any induction in the level of expression of 
these genes in the pZaM transfectants. 

Another interesting mechanism that has been suggested by 
Jones and his colleagues is that methylated CpGs are hot spots 
for mutations by deamination of the methylated cytosine into 
thymidine (41). This kind of change induced by methylation 
will not be reversible, the fact that we could reverse transfor- 
mation by inhibiting DNA MeTase suggests that other mech- 
anisms must be involved. While inhibition of gene expression 
by methylation is the best analyzed function of DNA methyla- 
tion, one should bear in mind that any function of the genome 
might be modified by methylation. Sites that are especially 
sensitive to changes in methylation might be controlling DNA 
functions such as repair, replication, and susceptibility to 



2 A. R. MacLeod. J. Roleau, and M. Szyf, unpublished results. 
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death program-f elated endonucleases. 

One Question that remains to be answered is how to explain 
the contradiction between the fact that DNA MeTase is over- 
expressed in cancer cells and the observed regional hypometh- 
ylation of the genome of many cancer cells (11, 12). However, 
there are no data at this stage to resolve this apparent contra- 
diction. While additional experiments will be required to ad- 
dress these questions, this paper demonstrates that inhibition 
of DNA methylation leads to a reversal of the transformed state 
and that DNA methylation plays a critical role in cellular 
transformation. 
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ABSTRACT This paper tests the hypothesis that cytosine 
DNA methyltransferase (DNA MeTase) is a candidate target 
for anticancer therapy. Several observations have suggested 
recently that hyperactivation of DNA MeTase plays a critical 
role in initiation and progression of cancer and that its 
up-regulation is a component of the Ras oncogenic signaling 
pathway. We show that a phosphorothioate-modified, anti- 
sense oligodeoxynucleotide directed against the DNA MeTase 
mRNA reduces the level of DNA MeTase mRNA, inhibits DNA 
MeTase activity, and inhibits anchorage independent growth 
of Yl adrenocortical carcinoma cells ex vivo in a dose- 
dependent manner. Injection of DNA MeTase antisense oli- 
godeoxynucleotides i.p. inhibits the growth of Yl tumors in 
syngeneic LAF1 mice, reduces the level of DNA MeTase, and 
induces demethylation of the adrenocortical-specific gene C21 
and its expression in tumors in vivo. These results support the 
hypothesis that an increase in DNA MeTase activity is critical 
for tumorigenesis and is reversible by pharmacological inhi- 
bition of DNA MeTase. 

Modification of DNA by methylation is now recognized as an 
important mechanism of epigenetic regulation of genomic func- 
tions (1-3). Methylation of DNA is a postreplication event 
catalyzed by the DNA methyltransferase (DNA MeTase) enzyme 
using S-adenosyl methionine as a methyl donor (4). Approxi- 
mately 80% of cytosines located in the CpG dinucleotide se- 
quence are methylated in the genome of most vertebrate cells, but 
the distribution of methylated sites is cell- and tissue-specific (5). 
Patterns of methylation are generated during development by 
enzymatic de novo methylation and demethylation processes 
(1-7) and are maintained in somatic cells. 

A number of observations have suggested that the pattern of 
DNA methylation is disrupted in cancer cells (8, 9). Both hy- 
pomethylation (9) and hypermethylation (10-12) of different 
CpG sites in cancer cells and tissues relative to the cognate normal 
tissue have been documented. Some of the sites that are hyper- 
methylated in tumors are located in tumor-suppressor loci such 
as pl6 (13), retinoblastoma (14), von Hippel-Lindau (15), and 
Wilms tumor (16), and, recently, a new candidate tumor- 
suppressor gene was cloned by molecular analysis of the hyper- 
methylated region in chromosome 17pl3.3 (17). One possible 
explanation that has been proposed to explain the .changes in 
DNA methylation observed in cancer cells is that they are the end 
result of a change in the enzymatic machinery controlling DNA 
methylation in the cell (7, 12, 18-20). In accordance with this 
hypothesis, cancer cell lines (21) and human tumors (22) have 
been shown to express elevated levels of DNA MeTase. Recently, 
Belinsky et al (23) showed that increased DNA MeTase activity 
is an early event in carcinogen-initiated lung cancer in the mouse. 
Forced expression of DNA MeTase cDNA in murine NIH 3T3 
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cells leads to genomic hypermethylation and neoplastic transfor- 
mation (24), and expression of an antisense mRNA to the DNA 
MeTase leads to loss of tumorigenicity of the adrenocortical 
carcinoma cell line Yl (25). 

Many stimuli may account for increased DNA MeTase activity 
in tumors. One possible molecular mechanism explanation of this 
elevation of DNA MeTase in cancer cells is that the expression 
of the DNA MeTase gene is regulated by oncogenic signaling 
pathways such as the Ras-Jun signaling pathway (18, 19). Mod- 
ulation of this pathway can alter DNA MeTase expression and 
DNA methylation (26-28). Similarly, ectopic expression of Ha- 
ras leads to induction of demethylation activity in P19 cells (29), 
which can explain (18) the observed hypomethylation of some 
CpG sites in cancer cells (8, 9). 

If hyperactivity of DNA MeTase is a critical, downstream 
component of oncogenic' programs (25-28), it should be an 
excellent target for anticancer therapy (19). To test this hypothesis 
in an animal model, specific inhibitors of DNA MeTase are 
required. The only DNA MeTase inhibitor that has been available 
to date is the nucleoside analog 5-azadeoxycytidine (30). Al- 
though 5-azadeoxycytidine is an effective inhibitor of DNA 
methylation (30), it has many side effects that might compromise 
the interpretation of the experimental data and limit its clinical 
utility (19, 31, 32). The advent of antisense oligodeoxynucleotides 
as specific inhibitors of protein expression in whole animal 
systems offers new opportunities in approaching this hypothesis 

(33). . 

Yl cells offer a model to test our hypothesis. First, this line 
[which was isolated from a naturally occurring adrenocortical 
tumor in an LAF1 mouse (34)] bears a 30- to 60-fold ampli- 
fication of the cellular proto oncogene c-Ki-ras (35). Second, 
the molecular link between hyperactivation of Ras, DNA 
MeTase hyperactivity, and DNA methylation and the state of 
cellular transformation has been recently demonstrated (25, 
28). Third, identification of effective antisense oligode- 
oxynucleotide inhibitors requires screening of a number of 
potential candidates. This can only be done effectively ex vivo. 
Yl cells can be grown and tested for tumorigenic character- 
istics ex vivo as well as implanted in syngeneic LAF1 mice (25) 
in vivo, thus enabling the study of the effects of inhibition of 
DNA methylation in a whole animal system. 

MATERIALS AND METHODS 
Cell Culture, ex Vivo Oligodeoxynucleotide Treatment, and 
Tumorigenicity Assays. Yl cells were maintained as monolay- 
ers in F-10 medium, which was supplemented with 7.25% 
heat-inactivated horse serum and 2.5% heat-inactivated fetal 
calf serum (Immunocorp, Montreal). The sequences of the 
oligodeoxynucleotides used in this study were as follows: 
antisense (HYB101584), 5'-TCT ATT TGA GTC TGC CAT 
TT-3' corresponding to bases -2 to +18 in the murine DNA 
MeTase mRNA [relative to the putative translation initiation 
site (9)1: the scrambled sequence corresponding to the anti- 
sense sequence (HYB102277), 5'-TGT GAT TCT CCT TAT 

Abbreviation: DNA MeTase, DNA methyltransferase. 
*To whom reprint requests should be addressed. 
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TCG AT-3'; and the reverse sequence (HYB101585), 5'-TTT 
ACC GTC TGA GTT TAT CT-3'. Phosphorothioate oligode- 
oxynucleotides were synthesized using phosphoramadite 
chemistry on a Biosearch model 8700 automated synthesizer 
and were purified by HPLC using a phenyl Sepharose column 
followed by DEAE5PW anion exchange chromatography. The 
purity of all oligonucleotides was greater than 98% as deter- 
mined by ion exchange chromatography. These experiments 
were performed in the absence of any lipid carrier to avoid 
nonspecific effects of the carrier in long term treatments and 
to recapitulate the situation in vivo, in which no carrier was 
used. This experimental paradigm required using oligode- 
oxynucleotides at the micromolar concentration range, which 
is higher than the concentrations required when lipid carriers 
are used. 

DNA and RNA Analyses. Genomic DNA was prepared from 
pelleted nuclei, and total cellular RNA was prepared from 
cytosolic fractions according to standard protocols (36-38). 

Western Blot Analysis of DNA MeTase. Rabbit polyclonal 
antibodies were raised (Pocono Rabbit Farm, Canadensis, PA) 
against a peptide sequence consisting of amino acids 1107- 
1125 of the mouse DNA MeTase (1101-1119 of the human 
DNA MeTase). The specificity of the polyclonal serum was 




tested by competition with the antigen peptide. Nuclear ex- 
tracts (50 /xg) were resolved on a 5% SDS/PAGE, transferred 
onto poly(vinylidene dif luoride) membrane (Amersham), and 
subjected to immunodetection for the DNA MeTase according 
to standard protocols using a 1:2000 dilution of primary 
antibody and an enhanced chemiluminescence detection kit 
(Amersham) (40). 

Assay of DNA MeTase Activity. DNA MeTase activity (3 /ig) 
was assayed by incubating 3 ^g of nuclear extract with a 
synthetic, hemimethylated, double-stranded oligodeoxynucle- 
otide (37) substrate and S-[mef/zv/- 3 H]-S-adenosyl-L- 
methionine (78.9 Ci/mmol; Amersham) as a methyl donor for 
3 h at 37°C as described (36). 

Assay of C21 mRNA by Reverse Transcriptase-PCR. The 
expression of the C21 gene was determined using our described 
primers and amplification conditions (41). 

RESULTS 

Antisense Oligodeoxynucleotides to the Translation Initia- 
tion Region of the Murine DNA MeTase Inhibit DNA MeTase 
mRNA, DNA MeTase Activity, and Tnmorigenesis ex Vivo. We 
have shown that expression of a 600-bp fragment bearing se- 
quences encoding the 5' domain of the DNA MeTase mRNA in 
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Fig 1 DNA MeTase antisense oligodeoxynucleotides inhibit DNA MeTase mRNA DNA MeTase activity, and anchorage independent growth 
ex vivo (A) RNase protection analysis of DNA MeTase mRNA in Yl cells treated with control scrambled and antisense oligodeoxynucleotides. 
Yl cells were cultured in the presence of different concentrations of scrambled and antisense oligodeoxynucleotides (sequence shown in Materials 
and Methods) as indicated for 48 h. RNA (3 /xg) extracted from the cells was subjected to an RNase protection assay as described (26) using a 700-bp 
riboprobe [probe A in Rouleau et al. (26)] encoding the DNA MeTase genomic sequence from -0.39 to +318. The major bands representing the 
two major initiation sites are indicated (92-, 90-bp, protected fragments) as well as the first exon, which gives a 99-bp, protected fragment. (B) Time 
course of inhibition of DNA MeTase mRNA by antisense oligodeoxynucleotides. Yl cells were incubated in the presence of 20 /iM of either 
antisense or scrambled oligodeoxynucleotides, and the medium was replaced with oligodeoxynucleotide-containing medium every 24 h. Cells were 
harvested at the indicated time points, and RNA and nuclear extracts were prepared as described. RNA was subjected to RNase protection assay 
as described in A An autoradiogram similar to the one presented in A was scanned, and the amount of DNA MeTase mRNA at each point was 
normalized to the signal obtained for 18s ribosomal RNA (C) Nuclear extracts prepared from oligodeoxynucleotide-treated Yl cells described 
in B were assayed for DNA MeTase activity as described. The results represent an average of triplicate determination ± SD. (D) Yl cells were 
treated with scrambled and antisense oligodeoxynucleotides as described in B and seeded onto soft agar for determination of anchorage-independent 
growth as described. The results represent an average of triplicate determinations ± SD. 
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the antisense orientation can inhibit DNA methylation and 
induce both cellular differentiation of 10TV4 cells (43) and 
reversal of transformation of Yl cells (25). Antisense expression 
vectors could not be used easily to study the function and 
therapeutic potential of inhibiting DNA MeTase in vivo. We 
therefore tested the possibility that shorter antisense oligode- 
oxynucleotides directed against the same region of the mRNA 
could recapitulate these effects. An antisense oligodeoxy nucle- 



otide [+18 to -2 (sequence as in Materials and Methods) when 
the translation initiation site is indicated, as in Bestor et al (44)] 
was found to be active in a preliminary screen, and we further 
determined its mechanism of action. 

One of the possible mechanisms of action of antisense 
oligodeoxynucleotides is targeting RNase H activity to the 
RNA-DNA duplex, resulting in degradation of the mRNA 
(45). We first determined the dose-response relationship of 
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Fig 2 DNA MeTase antisense oligodeoxynucleotide inhibits tumor growth in vivo. (A) Average weight of tumors isolated from LAF1 mice bearing 
Yl tumors AttU£ ijtod with antisense, gambled, or reverse oligodeoxynucleotide (5 mg/kg) every 48 h for 29 days. The results are presented as 
an averaw + SEM. The statistical significance of the difference between the scrambled or reverse groups and the anttsense group was determined by 
tsMU*MB\*P< OJ001- Th«£ was no statistically significant difference between the two control groups (P >0S).(B) Average volume of tumors 
J£m?£m « *e indicated time points postimplantation (determined as described in Plumb et d (42)MQ Photograph of the tumors 
reS from tSsense, reverse, and scrambled oligodeoxynudeotide-treated mice described above. (D) LAF1 mice bearing Yl tumors were mjec ed 
ffi™SES™*tad &i - 4) or antisense (n = 5) oligodeoxVnucleoUdes three times every 24 h s.c. Tumors were removed from each mouse (indicated 
byse ria7rS7-4 fo the scrambled group and 1-5 for the antisense group), and nuclear extracts prepared from the tumors were subjected W a Western 
blofrnXis^desoibed. Theband corresponding to the DNA MeTase is indicated by an arrow.The amount of agnal wrresponding to the DNA MeTase 
fOT rtta^Kw* normalized to the level of total protein transferred onto the membrane as determined by Armdo black staimng and quantified 
by Sod arbitrary units). The values obtained (OD of DNA MeTase signal divided by OD of the total protein stammg) for the tumors extracted 
fra^ach of The Heated mice (serial number of mice in bold) were as follows: scrambled: 1, 2.2; 2, 3.1; 3, 2.7; and 4, 2.5: antisense: 1 0.6; 2, OS; 3, 0.16; 
4 1 0; and 5, 19. (£) Average DNA MeTase level per group is plotted with the SEM. The difference between the scrambled and antisense groups was 
determined by a Student's t test to be statistically significant (P < 0.05). 
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DNA MeTase mRNA abundance and DNA MeTase antisense 
oligodeoxynucleotide concentration at one time point. Yl cells 
(10 6 cells) were treated with different concentrations (0, 10, 
and 20 jxM) of antisense oligodeoxynucleotides and scrambled 
controls for 48 h. Cellular RNA was subjected to an RNase 
protection assay as described in Materials and Methods. The 
results presented in Fig. 1A demonstrate a sharp decrease in 
abundance of DNA MeTase mRNA after incubation of the 
cells with 20 jxM of the DNA MeTase antisense oligode- 
oxynucleotides, which was not observed after treatment with 
scrambled oligodeoxynucleotides. We then defined the time 
dependence of reduction in DNA MeTase activity at the 
inhibitory concentration of the antisense oligodeoxynucleotide 
(20 uM). The results presented in Fig. 1 B (RNA) and C 
(MeTase activity) show that both DNA MeTase activity and 
mRNA are reduced by 10- to 100-fold after 6 days of treatment. 
Some fluctuations are observed in the levels of DNA MeTase 
in Yl cells treated with control oligodeoxynucleotides (2-fold) 
as well as antisense oligodeoxynucleotides (such as the rela- 
tively high levels of DNA MeTase at 4 days). These oscillations 
in DNA MeTase mRNA expression might reflect changes in 
the cell cycle kinetics of the cells at different time points 
because DNA MeTase levels are regulated with the cell cycle 
(35, 37). Alternatively, they might result from nonspecific 
effects of oligodeoxynucleotides on different cellular param- 
eters or reflect some inaccuracies in our measurements. How- 
ever, an overall reduction in DNA MeTase activity was estab- 
lished after 6 to 9 days of treatment with the antisense 
oligodeoxynucleotides. 

Can DNA MeTase antisense oligodeoxynucleotides induce a 
dose-dependent inhibition of tumorigenicity ex vivo as measured 
by anchorage-independent growth on soft agar? Yl cells were 
treated with a range of concentrations of antisense and scrambled 
oligodeoxynucleotides (0-20 yM) for 13 days. The cells were 
harvested and plated onto soft agar as described (39). The results 
presented in Fig. ID demonstrate a dose-dependent inhibition of 
colony formation on soft agar in antisense-treated cells vs. the 
scrambled control. The drop in the number of colonies formed on 
soft agar between 10 and 20 /jlM corresponds to the precipitous 
drop in DNA MeTase mRNA at this concentration of antisense 
oligodeoxynucleotide (Fig. 1A). 

Inhibition of anchorage-independent growth of antisense- 
treated cells was observed even though the soft agar medium 
was not supplemented with antisense oligodeoxynucleotides, 
suggesting that the changes in the level of tumorigenicity of 
antisense-treated cells were irreversible. This is consistent with 
the hypothesis that, once DNA MeTase is inhibited, the cells 
are reprogrammed to a less transformed state (18, 25). The 
experiments described above demonstrated that antisense 
oligodeoxynucleotides could inhibit DNA MeTase activity ex 
vivo and that this inhibition corresponded to a dose-dependent 
inhibition of tumorigenicity. 

Inhibition of Tumor Growth and DNA MeTase in Vivo by a 
DNA MeTase Antisense Oligodeoxynucleotide. To test the 
hypothesis that inhibition of DNA MeTase in vivo can result in 
inhibition of tumor growth and to determine the general toxic 
effects of DNA MeTase antisense treatment, Yl cells (1 X 10 6 ) 
were implanted in the flank of the syngeneic mouse strain 
LAF1 and were treated by i.p. injections every 48 h with PBS, 
antisense oligodeoxynucleotide, or two control oligode- 
oxynucleotides: a scrambled version of the antisense oligode- 



oxynucleotide and a reverse sequence (see Materials and 
Methods for sequence). Preliminary experiments with a small 
number of animals per group (n = 3) established a dose- 
dependent relationship between oligodeoxynucleotide con- 
centrations and tumor growth. No effects were observed at 0.5 
mg/kg whereas inhibition of tumor appearance and growth was 
observed in the 1- to 5-mg/kg range. At 20 mg/kg, nonspecific 
effects were observed with the scrambled oligodeoxynucleo- 
tides in two out of three experiments whereas a statistically 
significant reduction in tumor growth with antisense oligode- 
oxynucleotides vs. controls was observed in one experiment 
(data not shown). Forty LAF1 mice were implanted with Yl 
cells, randomized, and divided into color-coded groups of 10 
mice each and were treated and evaluated as follows in a 
double-blind fashion. Three days postimplantation, the mice 
were injected i.p. with 100 /xl of PBS or PBS containing 5 mg/kg 
of either antisense, scrambled, or reverse oligodeoxynucleo- 
tides. Injections were repeated every 48 h, and tumor diameter 
measurements were taken at each time point. Thirty days 
postinjection, the animals were killed, and tumors were excised 
and weighed. The results described in Fig. 2 show that tumor 
growth was inhibited by injection of DNA MeTase antisense 
oligodeoxynucleotides relative to control oligodeoxynucleo- 
tides as determined by the rate of increase in the average tumor 
volume (Fig. IB) as well as by the final weight and size of the 
tumors (Fig, 2 A and C). The difference in the average tumor 
volume between the antisense-treated group and either of the 
different control groups (PBS, scrambled, and reverse) at 29 
days was highly statistically significant, as determined by a 
Student's / test (P < 0.005) whereas the difference between the 
different control oligodeoxynucleotide-treated groups and the 
PBS-treated group was not statistically significant. Similarly, 
the difference in average final tumor weight at 30 days between 
the antisense- and control oligodeoxynucleotide-treated 
groups was highly statistically significant (P < 0.001). One of 
the antisense-treated animals did not develop tumors whereas 
all of the members of the control groups developed tumors 
(one mouse of the reverse group died with a heavy tumor load 
before termination of the experiment). 

We determined the general toxic effects of in vivo DNA 
MeTase antisense oligodeoxynucleotide treatment vs. treat- 
ment with the control oligodeoxynucleotides. Blood parame- 
ters and weight loss of antisense-, reverse-, and scrambled- 
injected (20 mg/kg) tumor-bearing LAF1 mice (n = 5) were 
assayed. As shown in Table 1, there were no significant 
reductions in red blood cell count, hematocrit, or percentage 
of hemoglobin in DNA MeTase antisense-treated animals vs. 
controls. Similarly, platelet and white blood cell counts were 
not increased but rather were decreased slightly in antisense- 
treated animals (Table 1). There was no significant weight 
loss even though tumor load was decreased significantly in 
this experiment by DNA MeTase antisense oligodeoxynucle- 
otides. 

These experiments demonstrated that in vivo treatment of 
tumor-bearing LAF1 mice with DNA MeTase antisense oligode- 
oxynucleotides can inhibit tumor growth, supporting the hypoth- 
esis that DNA MeTase is a critical component in maintaining the 
transformed state and that in vivo treatment with an antisense- 
based inhibitor of DNA MeTase can inhibit tumor growth. 

DNA MeTase Antisense Oligodeoxynucleotide Inhibits 
DNA MeTase Levels, Induces Limited Demethylation of the 



Table 1, Hematological analysis of LAF1 mice treated with antisense or control oligodeoxynucleotides (20 mg/kg) for 30 

days (n - 5). 

Treatment Hematocrit % hemoglobin WBC RBC Platelets 

Reverse 17.2 ± 9.2 6.4 ± 3.3 59.6 ± 2.19 3.4 ±2.19 514 ±291 
Scrambled 16.1 ± 2.5 6.16 ± 0.9 71.8 ± 21.9 2.99 ± .45 503.2 ± 104 

Antisense 21.9 ± 9.5 7.44 ± 3.8 50.7 ± 33 4.4 ±1.8 302 ± 95 



WBC, RBC, and hematocrit in g/dcl. Numbers represent mean and SD. 
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FiG. 3. Expression and demethylation of the C21 gene in Yl 
tumors isolated from LAF1 mice treated with antisense oligode- 
oxynucleo tides. (A) C21 expression was determined by reverse tran- 
script ase-PCR amplification with C21 -specific primers of total RNA 
isolated from Yl cells, Y1GAP transfectants expressing hGAP (a 
GTPase- activating protein), an attenuator of Ras activity (28), Yl 
cells treated with 20 /xM of either scrambled oligodeoxynucleotide or 
DNA MeTase antisense oligodeoxynucleo tides (ex vivo as indicated), 
Yl tumors from LAF1 mice injected with either 5 mg/kg of scrambled 
or DNA MeTase antisense oligodeoxynucleotides (in vivo) as well as 
adrenal RNA. C21 plasmid DNA encoding the C21 gene (46) was 
included in the amplification reaction to control for nonspecific 
inhibition of amplification. The expected genomic and C21 mRNA 
amplification products are indicated by arrows. (B) DNA was ex- 
tracted from Yl tumors isolated from LAF1 mice injected with either 
scrambled oligodeoxynucleotides (scrambled 4, indicated as s) or 
antisense oligodeoxynucleotides (antisense 3, indicated as a) for 3 days 
as described. The DNA was subjected to HindlU digestion followed by 
either Hpall (H) (which cleaves the sequence CCGG when the internal 
C is not3 methylated) or Mspl (M) (which cleaves the sequence CCGG 
even when the internal C is methylated) agarose gel fractionation 
(2.5%), Southern blotting analysis, and hybridization with the indi- 
cated probes. For the promoter region of the C21 gene, complete 
digestion of the gene should result in a 0.36-kb fragment (46), as 
indicated by the dark arrow. The partially methylated fragments are 
indicated by shaded arrows. The partial cleavage with Mspl is a 
consequence of the fact that the Mspl sites are nested within a Haelil 
site. These sites are highly resistant to cleavage by Mspl when fully or 
partially methylated, as described (47). For Thy-1, DNA prepared 
from the tumors indicated was subjected to a similar Hpall-Mspl 
restriction enzyme analysis and hybridization with a 0.36 probe from 
the 5' region of the thy-1 gene (48). The expected Hpall fragment is 
indicated by a dark arrow. Partially methylated fragments are indicated 
by shaded arrows. (Lower) Physical maps of the sequences analyzed for 
their methylation state. The first exons of the three genes are shown 



Adrenocortical-Specific C21 Gene, and Reactivates It. To 

determine whether injection of DNA MeTase antisense oli- 
godeoxynucleotide can inhibit DNA MeTase activity, we 
treated tumor-bearing LAF1 mice for 3 days with either DNA 
MeTase antisense oligodeoxynucleotide (n = 5; 5 mg/kg) or 
the scrambled oligodeoxynucleotide (n = 4; 5 mg/kg) by s.c. 
injection near the tumor (1 cm) for 3 days. To limit (as much 
as possible) complicating, indirect factors that might have 
clouded the interpretation of data, we did not look at DNA 
methylation in tumors that were chronically treated. Tumors 
were harvested, nuclear extracts were prepared, and DNA 
MeTase levels in the nuclear extracts were determined by a 
Western blot analysis as described. The results of such an 
analysis are demonstrated in Fig. 2D, and the normalized 
average levels of DNA MeTase in each of the treatment 
groups plotted in Fig. 2E demonstrate a statistically signif- 
icant reduction in DNA MeTase levels in antisense-treated 
animals (P < 0.05). The level of inhibition varied, however, 
from 90% inhibition in mouse number 3 in the group treated 
with antisense (Fig. 2D, lane 3) to no detectable inhibition 
in mouse number 5 (Fig. 2D, lane 5). 

C21 is specifically expressed in the adrenal cortex, and the 
enzyme encoded by this gene, steroid 21 hydroxylase, is 
required for the synthesis of glucocorticoids, which is the main 
normal function of this tissue. The gene is expressed at very 
high levels in the adrenal cortex but is totally repressed and 
heavily methylated in Yl tumor cells (41). No C21 mRNA is 
detected in Yl cells even when the most sensitive assays, such 
as reverse transcript ase-PCR, are used (41). We have not 
observed any expression of C21 in Yl cells in multiple Yl 
cultures in the last decade under any conditions. We have 
suggested that this is a consequence of the increase in de novo 
DNA methylation activity in these cancer cells (41). Reexpres- 
sion of C21 could serve as a good marker of demethylation and 
the reprogramming of Yl cells to a nontransformed state. 

To address this question, we performed a reverse tran- 
scriptase-PCR analysis of C21 expression on RNA prepared 
from the following samples: Yl cells treated with either 
antisense DNA MeTase or scrambled oligodeoxynucleotides 
(20 fxM) ex vivo; a tumor isolated from a mouse treated with 
antisense oligodeoxynucleotides in vivo for 3 days (antisense 3 
exhibited the highest reduction in DNA MeTase activity: 90%); 
and Yl cells transfected with hGAP [which attenuates the Ras 
signaling pathway, resulting in inhibition of DNA MeTase activity 
and partial demethylation of the C21 gene (28)]. C21 expression 
was induced under all of these conditions (Fig. 3/1). This is the 
first induction of C21 reexpression in Yl cells under any condi- 
tions observed in our laboratory. These results strongly support 
the hypothesis that DNA MeTase antisense oligodeoxynucleo- 
tides induce a partial demethylation and reprogramming of gene 
expression in Yl cells that is similar to that observed after 
attenuation of the Ras signaling pathway. 

To determine whether the 5' promoter region of the C21 
gene was demethylated in tumor DNA after antisense treat- 
ment, tumor DNA was subjected to MspllHpall restriction 
enzyme analysis, Southern blotting, and hybridization with a 5 ' 
C21 probe [0.36-kb Xbal-BamWl fragment encoding the pro- 
moter region of the C21 gene (41)]. Hypomethylation of the 
two Hpall sites in the promoter region will result in a 0.36-kb 
fragment. As shown in Fig. 3B, the Yl tumor that was extracted 
from a mouse (antisense 3) that was injected with antisense 



and are indicated as filled boxes, the probes used are indicated as thick 
lines, and the thin line indicates the expected nonmethylated and 
partially methylated Hpall fragments. (X, Xba\\ B, BamHl). (C) 
Relative abundance of the Hpall fragments was determined by 
densitometry as described. The size in kilobases of the scanned 
fragments is indicated. The results are presented as intensity of a 
specific fragment as a percentage of the total intensity in all scanned 
fragments per lane. 
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oligodeoxynucleotides in vivo exhibits an increase in the abun- 
dance (as determined by densitometric analysis; Fig. 3C) of the 
0.36-kb HpaW fragment relative to the partially methylated 
fragments at 1.9, 2.5, and 4 kb compared with the control 
tumor. Demethylation of C21 is observed in other tumors 
injected with antisense (data not shown). 

CpG island-containing genes are de novo methylated in 
tumor cells (13, 49-51). We therefore determined the state of 
methylation of a generally expressed CpG island-containing 
gene, thy-1, in mice treated with either antisense or control 
oligodeoxynucleotides. There was an increase in the relative 
abundance of the 600-bp Hpall fragment contained in the 5' 
thy-\ CpG island (48) (Fig. 35) and a decrease in the relative 
abundance of the partial HpaW fragments (~3-5.5 kb)^ in 
tumors extracted from antisense-treated mice (labeled "a" in 
Fig. 3B) relative to the pattern observed in the control tumor 
(labeled "s" in Fig. 3B) (see Fig. 3C for quantification). These 
experiments demonstrated limited hypomethylation in tumor 
DNA in response to DNA MeTase antisense treatment in vivo. 

DISCUSSION 

The goal of this study was to test the hypothesis that tumor- 
igenesis could be reversed by pharmacological inhibition of 
DNA MeTase activity and to suggest that DNA MeTase 
inhibitors could serve as potential anticancer agents. This 
study demonstrated that an antisense oligodeoxynucleotide 
directed against DNA MeTase mRNA can inhibit, in a dose- 
dependent manner, DNA MeTase mRNA expression, DNA 
MeTase activity, and tumorigenesis ex vivo and in vivo. Similar 
effects were not observed when a scrambled sequence was 
used. This is consistent with the hypothesis that the observed 
effects are a result of reduction in the level of DNA MeTase. 
The sequences used in our experiments did not bear the CG 
sites or G quartets that have been shown to bear nonantisense- 
related immunogenic and antitelomerase effects (52, 53). 
Although it is clear that phosphorothioate oligodeoxynucle- 
otides might exhibit nonspecific antitumorigenic effects, our 
experiments revealed that the nonspecific and sequence- 
specific effects could be differentiated. One interesting ques- 
tion that was not addressed by this experiment is whether there 
is a critical size or level of tumor organization that is not 
treatable by DNA MeTase antisense inhibitors. Future studies 
will directly address this question. 

Why are elevated levels of DNA MeTase critical for main- 
taining the cancer state? Three models have been suggested. 
(/) Elevated levels of DNA MeTase might result in disruption 
of the appropriate gene expression profile of a cell, leading to 
inactivation of tumor suppressor genes (17) and other genes 
that are characteristic of the differentiated state of the cell, 
such as C21 in Yl cells (41). (w) High levels of DNA MeTase 
might have a direct effect on origins of replication (18, 19). (Hi) 
Methylated cytosines are hot spots for mutation, and deami- 
nation of methylated cytosines will result in C-T transition 
mutations (54). 

Although more data are required to determine which of 
these mechanisms is involved in the genesis and maintenance 
of cancer, two issues are critical for the pharmacological and 
therapeutic application of DNA MeTase inhibitors. First, are 
the changes caused by aberrant methylation in carcinogenesis 
irreversible, as has been suggested (55), or are they reversible 
by pharmacological intervention? Min mice bearing a muta- 
tion in the homolog of the human repair-associated tumor 
suppressor gene AFC were protected from formation of ad- 
enopolyps in the intestines when treated prophylactically with 
5-azadeoxycytidine early after birth (55). The development of 
polyps could not be reversed when 5-azadeoxycytidine was 
applied later, suggesting an irreversible mechanism. 

Second, is the aberrant methylation observed in cancer a 
consequence of the enhanced levels of DNA MeTase and there- 
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fore reversible by reducing the level of DNA MeTase (18, 19)? 
Although additional experiments will be required to demonstrate 
that similar results to those reported here can be obtained with 
cancers formed in the animal rather than in implanted tumors, 
our results lend support to the hypothesis that the effects of DNA 
MeTase induction are reversible and therefore suggest that DNA 
MeTase be a target for anticancer intervention. 
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Abstract 

Survivin inhibits apoptosis during development and carcino- 
genesis and is absent in differentiated cells. To determine 
whether survivin inhibition induces cell death in neural tumor 
cells, survivin antisense oligonucleotides (SAO) were admi- 
nistered to a human neuroblastoma (MSN) and an oligoden- 
droglioma (TC620) resulting in a dose-dependent reduction in 
survivin protein. Although 74% of the SAO-treated MSN cells 
were trypan blue + , PARP cleavage or activated caspase-3 
was not observed. However nuclear translocation of AIF 
occurred and XIAP increased dramatically. Co-administration 
of z-Val-Ala-Asp(OMe)-fluoromethyl ketone (zVAD-fmk) with 
SAO did not inhibit cell death suggesting a caspase- 
independent mechanism of cell death. Propidium iodide (PI) 
staining revealed multiple large macronuclei with no apoptotic 



bodies supporting a role for survivin in cell division. By 
contrast, while 70% of the SAO-treated TC620 cells were 
trypan blue*, PARP was cleaved, cells were TUNEL + and Pl- 
staining revealed macronuclei and numerous apoptotic 
bodies. Co-treatment of the TC620 cells with SAO and 
zVAD-fmk blocked cell death. While no macronuclei or 
apoptotic bodies were observed there was a two-fold increase 
in metaphase cells. Our results suggest that survivin inhibition 
decreases the viability of human neural tumor cells and as a 
result of mitotic catastrophe, cell death can be initiated by either 
a classic apoptotic mechanism or a caspase-independent 
mechanism. 

Keywords: antisense oligonucleotides, apoptosis, cell death, 

human brain tumors, survivin. 
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Members of anti-apoptotic gene families such as the bcl-2 
family and the inhibitor of apoptosis (IAP) family are often 
up-regulated in brain tumors where their role in blocking 
apoptosis contributes to tumor progression (LaCasse et al. 
1998; Leaver et al. 1998; Deininger et al. 1999). Human 
survivin, one of seven IAP family members, is increased in 
abundance in neuroblastomas and portends poor prognosis 
(Adida et al. 1998). Neuroblastomas often have a gain in the 
distal region of 17q suggesting that survivin expression at 
17q25 may contribute to tumor pathogenesis (Islam et al. 
2000). 

Survivin is cell cycle regulated and increased during the 
G2/M phase of the cell cycle. During G2/M survivin 
associates with and is phosphorylated by cdc2/cyclin Bl and 
subsequently binds to tubulin on the mitotic spindle (Li et al. 
1998; O'Connor et al. 2000). Survivin also associates with 
the midbody, kinetochore (Li et al. 1998; Skoufias et al. 
2000), and binds cdk4 to aid in the Gl/S transition (Suzuki 
et al. 2000) implicating survivin with normal G2/M and 
Gl/S checkpoint transitions and mitosis. 



The purpose of this study was to determine whether 
survivin was expressed in a variety of neural tumors and 
whether survivin antisense oligonucleotides (SAO) could 
down-regulate survivin in neural cell lines and induce tumor 
cell death. In lung and colon carcinomas (Chen et al. 2000; 
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Olie et al 2000) survivin down-regulation induced apop- 
tosis, however, survivin levels are higher in neuroblastomas 
(Islam et al 2000). We have determined that SAO down- 
regulated survivin protein resulting in caspase-independent 
cell death in a neuroblastoma cell line, while an oligoden- 
droglioma cell line underwent caspase-dependent apoptotic 
cell death. 

Materials and methods 

Cell culture conditions 

Cells were grown in a humidified atmosphere containing 5% 
(HOG, TC620) or 8% (MSN, HTB 14, HTB 17) C0 2 at 37°C. MSN 
cells were grown in RPMI 1640 supplemented with 23.8 mM 
sodium bicarbonate, 10% fetal calf serum (FCS), 0.1 mM non- 
essential amino acids, 0.47 mM L-serine and 0.38 mM L-asparagine 
(Reynolds et al 1986). TC620 and HOG were maintained in 
Iscove's medium plus 10% FCS (Dr Anthony Campagnoni; 
UCLA). HTB 14 and the HTB 17 were maintained in DMEM 
plus 10% FCS (ATCC). Jurkat cells served as a positive control for 
survivin immunoblotting (Conway et al 2000) and were grown in 
RPMI 1640 plus 10% FCS. 

RNA isolation and northern blot analysis 
Total RNA was isolated from the cell lines using TRI-reagent 
(Molecular Research Center; Cincinnati, OH, USA). Northern blot 
analysis and primings were performed as previously described 
(Shafit-Zagardo et al 1988). The probes were labeled using 
ta- 32 P]-dCTP and the Multiprime DNA labeling system (Amersham, 
Arlington Heights, IL, USA). 

Oligonucleotide treatments 

Eleven different antisense phosphorothioate oligonucleotides to the 
survivin gene (Genbank accession number U75285) and two mis- 
matched phosphorothioate oligonucleotides were designed based 
on the selection criteria described earlier (Agrawal and Kandimalla 
2000). The antisense oligonucleotides were synthesized on solid 
support with an automated DNA synthesizer using p-cyanoethyl- 
phosphoramidite chemistry. To prevent rapid degradation of the 
oligonucleotides by cellular nucleases, oxidation was performed with 
Becauge sulfurizing agent to obtain phosphorothioate backbone 
modified oligonucleotides. After their synthesis, the oligonucleo- 
tides were released from the solid support, deprotected, purified by 



reverse-phase HPLC, desalted, filtered and lyophilized. The purity 
and sequence integrity of oligonucleotides was ascertained by 
capillary gel electrophoresis and MALDI-TOF mass spectral ana- 
lysis and the concentrations measured at 260 nm. The sequences of 
eight oligonucleotides used in this study are shown in Table 1. 
Cells were grown in 100-mm dishes and oligonucleotide treatment 
was performed for 48 h on subconfluent cultures in the presence of 
lipofectin (Gibco, Rockville, MD, USA). 

Protein preparation and immunoblotting 

Total protein homogenates were prepared as previously described 
(Albala et al 1995). Equal amounts of protein (100 u,g; Biorad 
detection system, BioRad Laboratories, Hercules, CA, USA) were 
analyzed by SDS-PAGE on 10% gels (Laemmli 1970) and 
electrophoretically transferred to nitrocellulose (Towbin et al 
1979). To demonstrate specificity during immunoblotting, human 
survivin GST-fusion protein (10 p,g) was used to absorb the 
survivin polyclonal antibody overnight (1 : 500) at 4°C prior to 
immunoblotting. Immunoblots were blocked with 5% non-fat, dry 
milk in 1 x Tris-buffered saline (TBS) (0.14 m NaCl, 0.001 M 
Tris, pH 7.4). Blots were cut at 32.9 kDa and the bottom were 
incubated with the survivin antibody overnight at 4°C and visual- 
ized by enhanced chemiluminescence (ECL; Amersham). The top 
part of the blots was incubated with a p-tubulin antibody (TUB 2.1; 
Sigma, St Louis, MO, USA) overnight at 4°C. Two survivin 
polyclonal antibodies yielded identical results (R&D Systems, 
Inc., Minneapolis, MN, USA; Alpha Diagnostics International, 
San Antonio, TX, USA). The XIAP mAb was purchased from 
StressGen Biotechnologies Corp. (Victoria, BC, Canada). The 
poly-(ADP-ribose)-polymerase (PARP) mAb was from Pharmingen 
(San Diego, CA, USA). 

Trypan blue exclusion assay 

Cells were harvested 48 h after SAO treatment, stained with 0.04% 
Trypan blue (Gibco) and both non-viable (trypan blue positive) and 
viable (trypan blue negative) cells were counted on a hemocyto- 
meter. A minimum of 250 cells were counted for each data point. 
The data was expressed as a percentage of dead cells relative to the 
total cell number. Individual experiments were performed in 
triplicate. MSN studies were performed three times, while TC620 
studies were performed twice. 

Caspase-3 activity assay 

MSN cell pellets were washed twice in cold PBS and resuspended 



Table 1 Sequences of 20*mer phosphorothioate survivin antisense oligonucleotides 



HYB 



oligonucleotide number 


Sequence (5'-* 3') 


Target site 


900 


d(GCCAGTTCTTGAATGTAGAG) 


2867-2886 


901 


d(CAGTGGATGAAGCCAGCCTC) 


3180-3199 


903 


d(CCCTAGCTCACACTCTCATT) 


4385-4404 


904 


d(TCTTGGCTCTTTCTCTGTCC) 


5248-5267 


905 


d(GAGCCTTCCTCTTCATGTCC) 


11432-11451 


906 


d(GCTTCCCAGTCACATCCTGT) 


11897-11916 


908 


d(GCCACTGTTACCAGCAGCAC) 


12241-12260 


1132 


d(GCACCTAGTCTCCCTGCACC) 


Mismatched oligo 
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in ice-cold hypotonic cell lysis buffer (25 mw HEPES, pH 7.5, 
5 mM MgCl 2 , 5 mM EDTA, 5 mM DTT, 2 mM PMSF. 10 u,g/mL 
— pepstatin~AT^ltg/ni^eupeptin)rincubated-on4ce-for^O-minr 
sonicated briefly and centrifuged at 1 1 000 g for 20 rnin at 4°C. 
Supernatant (50-100 u,g) was incubated in caspase-3 assay buffer 
[100 mM HEPES, pH 7.5, 10% sucrose, 0.1% CHAPS and 10 mM 
dithiothreitol (DTT)], 2 \xL of dimethyl sulfoxide (DMSO), 
100 mM DTT in a final volume of 100 p-L at 30°C for 30 min in 
black opaque 96-well plates (USA Scientific Inc; Orlando, FL, 
USA). Subsequently, 2 uX of the caspase-3 substrate Ac-DEVD- 
AMC (50 jam, Pharmingen) was added to each well. Plates were 
incubated at 30°C for 60 min in the dark. Fluorescence of the 
reaction was measured at an excitation of 355 nm and an emission 
of-460-nm with a-cut-off filter of 455 nm using a SPECTRAmax 
GEMINI spectrofluorometer with SOFTmax® PRO software 
(Molecular Devices; Sunnyvale, CA, USA). Assays were performed 
in triplicates. The data is presented as mean relative fluorescence 
units/mg protein i SD. The negative controls included the caspase-3 
inhibitor Ac-DEVD-CHO that eliminated caspase-3 activation. 

Propidium iodide (PI) staining 

SAO-treated cells were fixed with 4% paraformaldehyde for 
30 min at room temperature, washed with 1 x TBS, permeabilized 
with 0.1% Triton X-100 for 30 min and treated with 10 u,g/mL 
DNase free RNase A (Sigma) for 60 min. Nuclei were stained with 
200 u,g/mL PI for 30 min at 4°C and washed twice with 1 x TBS. 
Nuclear morphology was assessed on an inverted Olympus 1X70 
fluorescence microscope equipped with phase and epifluorescence 
optics. For each treatment about 600 nuclei were scored as normal, 
condensed, or abnormal on 15 random, 40 x objective fields in 
duplicate. 

TUNEL assay 

_The.TUNEL.assay__was performed. to assess apoptotic cell death in 
SAO-treated TC620 cells using the In Situ Cell Death Detection 
Kit, Fluorescein (Roche Molecular Biochemicals, Indianapolis, IN, 
USA). The TUNEL reaction preferentially labels cleaved genomic 
DNA generated during apoptosis, by the addition of fluorescein 
dUTP at strand breaks. Lipofectin, mismatch 1132 or SAO-treated 
TC620 cells were fixed and permeabilized as described for PI 
staining. Cells were washed and incubated in the TUNEL reaction 
mixture, prepared according to the manufacturer's recommenda- 
tions, for 1 h at 37°C. Omission of the terminal deoxynucleotidyl 
transferase in the label solution served as a negative control for the 
TUNEL fluorescence staining. Cells were washed twice and 
counterstained with the DNA specific dye DAPI (1 : 1000 of a 
1 mg/mL stock; 15 min at room temperature). Cells were examined 
with an Olympus 1X70 inverted microscope. For each treatment 
15 random, 40 x objective fields consisting of —1000 cells were 
examined in duplicate chamber slides. TUNEL-positive nuclei 
were expressed as a percent of the total number of cells per 
individual field. 

Apoptosis-inducing factor (AIF) immunostaining and 
quantitation 

Lipofectin, mismatch 1132 or SAO-treated MSN cells were fixed 
and permeabilized as described for PI staining, and blocked for 1 h 
at room temperature with 10% normal goat serum in 5% non-fat, 
dry milk in 1 x TBS. The cells were incubated with an AIF 
polyclonal antibody (1 : 100; Santa Cruz Biotechnology Inc, Santa 



Cruz, CA, USA) overnight at 4°C, and revealed with a goat anti- 
rabbit IgG conjugated to TRITC (Southern Biotechnology Associ- 
atesr^inningham;-ALrUSA).-Omission-of--the-primary antibody 
confirmed that the immunostaining was specific. Cells were 
counterstained with the DNA-specific dye DAPI (1 : 1000 of a 
1 mg/mL stock; 15 min at room temperature). Cells were examined 
with an Olympus 1X70 inverted microscope. Fluorescent images 
were collected using a 12-bit Photometries cooled CCD camera. 
For each treatment, 15 random, 40 x objective fields consisting of 
-600 cells were examined. TRITC (red) and DAPI (blue) stained 
cells were scored as having AIF staining either in the mitochondria 
or the nucleus relative to the total cell number examined. In 
parallel, the DAPI stained nuclei were also scored as normal, 
condensed, or abnormal nuclei. Experiments were performed in 
duplicate. 

Results 

Expression of survivin in human neural tumor cell lines 

Northern and western blot analysis were performed to verify 
survivin expression in human neural tumor cell lines derived 
from a human neuroblastoma (MSN), two oligodendro- 
gliomas (HOG and TC620), an astrocytoma (HTB17) and 
a glioblastoma (HTB14). Northern blot analysis revealed 
the expression of the 1 .9 kb survivin transcript in the five 
neural tumor lines examined (Fig. la). When normalized to 
18S RNA, higher expression of survivin was found in the 
two oligodendroglioma cell lines, while the neuroblastoma, 
glioblastoma and the astrocytoma showed comparable 
survivin expression. Immunoblotting confirmed the presence 
of the 16.5-kDa survivin protein in all neural tumor lines 
(Fig. IB). When normalized to 0-tubulin, survivin protein 
levels were three-fold higher in the HTB-14, MSN and the 
HTB-17 homogenates relative to the HOG cell homogenate. 
Examination of two additional neuroblastomas (IMR32 and 
SK-N-SH; data not shown) and the oligodendroglioma 
(TC620; Fig. 2b) also confirmed the presence of survivin. 
To verify the specificity of the survivin antibody, identical 
protein blots were incubated with the survivin antibody 
preincubated with the GST-survivin fusion protein. Absorp- 
tion of the antibody eliminated survivin immunoreactivity 
(Fig. IB). 

Regulation of survivin expression at G2/M cell cycle 
checkpoints 

As shown in Fig. 2(a), a 1.7-2.6-fold increase in survivin 
protein was observed in total cell lysates from MSN cells 
treated with three G2/M checkpoint blockers relative to the 
DMSO control. A similar 1.6-fold increase in survivin 
protein was observed in the nocodazole-treated TC620 cells 
(Fig. 2b) demonstrating that in neural tumor cell lines 
survivin expression is increased in a G2/M cell cycle phase- 
dependent manner. In contrast, cells treated with agents such 
as flavopiridol that typically block cells in Gl/S (Carlson 
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Fig. 1 Survivin is expressed in human brain tumors, (a) Total RNA 
(30 ^g) were run on a 1% agarose-formaldehyde gel and trans- 
ferred to nitrocellulose. The blot was first hybridized with a cDNA 
probe to the entire coding region of the survivin gene and subse- 
quently hybridized with a cDNA to 18S. The survivin RNA expres- 
sion was normalized to the expression of 18S RNA. The relative 
amounts were MSN, 0.075; HTB-14, 0.11; HTB-17, 0.065; TC620, 
0.25; HOG, 0.25. (b) Total protein was isolated from MSN, HTB 14, 
HTB 17 and HOG cells. The blots were cut at 32.9 kDa and was 
incubated with a 0-tubulin mAb (1 ; 1000) to confirm equal loading. 
The lower halves were incubated with a survivin polyclonal antibody 
(1 : 500) or with the survivin polyclonal antibody (1 : 500) pretreated 
with 10 fig of GST-suryivin fusion protein. , Blots_ were scanned in 
the linear range and data was presented as a ratio of survivin over 
tubulin in each cell type. The relative quantities were MSN, 0.35; 
HTB-14, 0.45; HTB-17, 0.39; HOG, 0.13. Two independent experi- 
ments were performed and consistent results were obtained. 
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Fig. 2 Survivin protein increases following treatment with G^M 
checkpoint blockers, (a) Ga/M cell cycle checkpoint blockers elevate 
survivin protein expression. Total protein was isolated from MSN 
ceils either untreated or treated with vinblastine (250 nM), nocoda- 
zole (10 mm) or taxotere (1 jim) for 16 h. DMSO and ethanol (EtOH) 
were added as carriers. In each of the treatments, the increase of 
survivin protein relative to DMSO or EtOH was vinblastine, 1.9-fold; 
nocodazole, 2.6-fold; taxotere, 1.7-fold, (b) Total protein was isolated 
from nocodazole-treated (10 \jm, 24 h) and untreated TC620 cells, 
-MSN cells and^lurkat cellsr A ^1.6-fotd increase in survivin protein 
was observed on the nocodazole-treated TC620 cells. Three inde- 
pendent experiments were performed and consistent results were 
obtained. 



et al. 1996; our data) did not alter survivin protein 
abundance (data not shown). 

In MSN cells, SAO decrease survivin protein abundance, 
do not activate caspase-3 and undergo caspase- 
independent cell death 

To determine whether the inhibition of survivin was suffici- 
ent to induce cell death in nervous system tumors, 1 1 SAO 
spanning the survivin gene were analyzed in MSN and 
TC620 cell lines. Seven SAO and the mismatch oligo- 
nucleotide used in this study are shown in Table 1. As 
shown in Fig. 3(a), SAO 904 treatment decreased survivin 
protein levels in MSN cells in a dose-dependent manner. At 
400 and 600 nM, SAO 904 decreased survivin protein levels 
by 46% and 60% while survivin levels were unchanged in 
cells incubated with the mismatched oligonucleotide 1132. 
By contrast, treatment with SAO 908 that binds within the 
3'-untranslated region of the survivin mRNA did not result 



in a significant decrease in survivin protein. Examination of 
other SAO in the MSN cells showed that 901, 903, 904 and 
906 (400 nM) were most effective in decreasing survivin 
protein levels (Fig. 3b). Further, mismatched oligonucleo- 
tides had no effect on the relative abundance of survivin. 

Surviving role as an LAP and a survival protein for 
neuroblastomas was investigated by examining whether the 
down-regulation of survivin was sufficient to induce cell 
death in MSN cells. Following transfection with lipofectin, 
mismatched oligonucleotide 1132 (600 nM) or SAO 904 and 
906 (600 nM), the numbers of trypan blue positive cells, 
indicative of dead cells, were counted 48 h post- treatment. 
In the presence of 600 nM SAO 904 and 906, the percentage 
of cells that were trypan blue positive were 73% and 81% 
(Fig. 3c). Upon treatment with lipofectin or the mismatched 
oligonucleotide 1132, only 7-11% of the cells were trypan 
blue-positive. These data therefore demonstrate that the 
inhibition of survivin following SAO treatment is sufficient 
to induce cell death in MSN cells. 



© 2001 International Society for Neurochemistry, Journal of Neurochemistry, 79, 426-436 



430 S. L. Shankar et al 



(a) 




♦ ♦ + 

Z-VAD Z-VAO ZA/AD 
•folk -Cmk •fmk 

Treatments (48 h) 

Fig. 3 SAO treatment of MSN celts results in reduced survivin 
protein levels and increased cell death, (a) MSN cells were treated 
with lipofectin, SAO 904 and 908 at 400 and 600 nM or mismatched 
oligonucleotide 1132 at 400 nM. With SAO treatment, the percentage 
of survivin protein over 3-tubulin relative to lipofectin was 904 
(400 nM), 54%; 904 (600 m), 40%; 908 (400 nM), 129%; 908 
(600 nM), 91%; 1132 (400 nM), 109%. (b) Six SAOs (900-906) were 
administered at 400 nM. The percentage of survivin protein over 
p-tubulin relative to lipofectin was: 900, 77.7%; 901, 38.3%; 903, 
24.3%; 904, 35.7%; 905, 55.6%; 906, 26.9%. Three independent 
experiments were performed, (c) MSN cells treated with lipofectin, 
600 nM SAO 904, 906, mismatch oligonucleotide 1132, or co-treated 
with SAO or 1132 and 20 \im zVAD-fmk for 48 h, were stained 
with 0.04% trypan blue. The data are expressed as the percentage 
of dead cells relative to the total cell number ± SEM. Three 
independent experiments were performed in duplicate. 



To determine whether MSN cell death by SAO was 
mediated by caspase-3 activation, we examined whether 
PARP was cleaved. Immunoblotting of MSN protein 
homogenates with a PARP antibody failed to detect PARP 
cleavage and a single 1 16-kDa PARP protein band that was 
not cleaved was observed in MSN cells following SAO 
treatment for either 24 h or 48 h (data not shown). Also, 



higher concentrations of SAO failed to cleave PARP. As a 
result of the PARP data, we examined whether SAO-treated 
'"cells - have active caspase-3.~Previous studies from our 
laboratory demonstrated that MSN cells activate caspase-3 
following staurosporine treatment, and when caspase-3 is 
activated PARP is cleaved. As shown in Table 2, over a 
seven-fold increase in caspase-3 activity was observed upon 
staurosporine treatment of MSN cells, however, no signifi- 
cant increase in caspase-3 activity was observed following 
SAO treatment. This data was consistent with our PARP 
immunoblotting data. 

We then examined if SAO-induced cell death could be 
blocked by the-broad-spectrum caspase inhibitor z-Val-Ala- 
Asp(OMe)-fluoromethyl ketone (zVAD-fmk). As shown in 
Fig. 3(c), SAO 904 and 906 treatment resulted in 73% and 
80% trypan blue positive cells and upon incubation of SAO 
904 and 906 with zVAD-fmk, 73% and 74% of the cells 
remained trypan blue positive indicating that inhibiting 
caspases did not affect cell death. Taken together, the 
caspase-3, PARP and the zVAD-fmk experimental data 
suggest that in MSN cells SAO treatment induced cell death 
in a caspase-independent manner. 

Induction of nuclear abnormalities in SAO-treated 
MSN cells 

PI staining and phase microscopy were used to assess 
the nuclear morphology of the SAO-treated MSN cells. 
Lipofectin-treated or mismatch oligonucleotide 1 132 treated 
cells showed normal nuclear morphology (Figs 4a and b) 
consistent with our previous observation that at any given 
time approximately 5% of MSN cells exhibited abnormal 
nuclei. By contrast, PI staining of SAO-treated cells 
revealed a dramatic increase in abnormal appearing nuclei 
that included multiple, multilobulated nuclei (Figs 4c and e, 



Table 2 Caspase 3 is inactive in survivin antisense oligonucleotide- 
treated MSN ceils 







Relative units/ 


Treatment 


Time 


mg protein ± SD 


Lipofectin 


48 h 


30 556 ± 899 


903 (400 nM) 


48 h 


27 850 ±2311 


904 (400 nM) 


48 h 


33 532 ± 3732 


1132 (400 nM) 


48 h 


30 961 ± 1681 


Staurosporine (1 \jm) 


6 h 


264 281 ± 8130 


DMSO control for staurosporine 


6h 


34 770 ± 900 



Determination of caspase-3 activity in lipofectin, mismatch 1132 or 
SAO 903- , 904-treated MSN neuroblastoma cells. Staurosporine 
treatment served as positive control for caspase-3 activity in MSN 
cells. Caspase activity was determined by measuring the cleavage of 
the caspase-3 fluorescence substrate Ac-DEVD-AMC. Caspase-3 
activity was expressed as mean relative fluorescence units/mg 
protein ± SD. All values were assayed in triplicate. 
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Fig. 4 SAO-treated MSN cells undergo 
caspase-independent nuclear morphologic 
changes. MSN cells were treated with lipo- 
fectin (a), 600 nM of mismatch 1132 (b), or 
SAO 904 (c and e), 906 (d) and stained 
with PI. Arrows in panels (c), (d), (e) and 
(f) point to abnormal multiple multilobed 
nuclei. Panel (f) shows the phase of panel 
(e) demonstrating that the abnormal multi- 
lobed nuclei are present within individual 
cells. The arrowhead in panel (e) shows a 
partially condensed nuclei. Two independent 
experiments were performed in duplicate, (g) 
Co-administration of SAO and zVAD-fmk 
does not alter the nuclear morphology in 
SAO-treated MSN cells. MSN cells were 
treated with 600 nM SAO 904, 906 or mis- 
match 1132 aione, or in the presence of 
20 \xm of zVAD-fmk and stained with PI. 
Approximately 500-600 nuclei were scored 
on 15 random 40 x objective fields in dupli- 
cate as described. The experiment was 
performed twice and the results are 
mean ± SEM obtained from the two inde- 
pendent experiments, (h-k) SAO-treated 
MSN cells show nuclear translocation of 
AIF. Upofectin-treated MSN cells (h), MSN 
cells treated with 600 nM SAO 904 (i), 
mismatch 1132 G) or SAO 906 (k) were 
double-labeled with AIF and DAPI. Note 
that in the SAO-treated cells the nuclei are 
pink when the AIF (red) and the DAPI 
(blue) colocalize. Photomicrographs are 
from a representative experiment performed 
in duplicate and similar results were obtained 
in an additional experiment. Scale bar = 
20 jim. 
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arrows) and abnormally large nuclei (Fig. 4d) consistent 
with cells blocked in cell division when the nuclear mem- 
brane reassociated. Quantitation of the SAO 904 and 906 
determined that the percentage of cells with this abnormal 
nuclear morphology were 27% and 31%, respectively, and 
this percentage was unaltered in cells co-treated with SAO 



and zVAD-frnk (Fig. 4g). While no apoptotic bodies or 
chromatin fragmentation were observed in the SAO-treated 
cells, 22% of the SAO-treated cells contained nuclei with 
partially condensed chromatin (Fig. 4e, arrowhead; Fig. 4g) 
and the percentage did not differ with zVAD-fmk treatment. 
Thus, approximately 50% of the SAO-treated cells contained 
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abnormal nuclei and condensed chromatin. The partially 
condensed chromatin is inconsistent with necrotic cell death 
and is suggestive of cells undergoing but not completing 
apoptotic cell death. 

Apoptotic cell bodies and further condensation of the 
cell requires activated caspases and our data indicates 
that the existing phenotypes are caspase-independent even 
upon prolonged 72 h) SAO exposure. In cells under- 
going death by a caspase-independent mechanism apoptosis- 
inducing factor (AIF) is translocated from the mitochondria 
to the nucleus prior to cytochrome c release from the 
mitochondria and concomitant partial chromatin condensation 
is observed (Daugas et al 2000). To examine whether down- 
regulation of survivin induces AIF nuclear translocation, 
AIF and DAPI double-labeling was performed on SAO- 
treated MSN cells. As shown in Fig. 4(h and j), both 
lipofectin-treated and mismatch oligonucleotide 1132 
treated cells show robust AIF staining in the cytosol. Only 
4-8% of the cells contained nuclear localization of AIF, and 
DAPI staining showed that 95% of the cells had normal 
appearing nuclei. By contrast, 45-51% of SAO 904- and 
906-treated cells showed AIF nuclear translocation (Figs 4i 
and k). DAPI staining indicated that 37% of these S AO- 
treated cells contained partially condensed chromatin, and 
25% had abnormal nuclei similar to the PI staining in 
Fig. 4(g). The lack of highly condensed apoptotic bodies, 
the nuclear translocation of AIF, and the morphologic 
appearance of the nuclei by PI and DAPI are consistent with 
cells undergoing cell death by a caspase-independent 
mechanism. Thus, the combined PI, DAPI and AIF data is 
consistent with a disruption in the cell cycle, likely mitotic 
catastrophe, resulting in cell death. 

Increase in XIAP levels following SAO treatment of 
MSN cells 

We considered why caspase-3 was inactive and PARP was 
not cleaved following SAO treatment of the MSN cells. We 
speculated that during the SAO treatment another IAP 
family member might be activated and effectively blocking 
caspase activation and subsequently PARP cleavage. There- 
fore, following SAO treatment, XIAP, another member of 
the IAP family was examined by immunoblotting. As shown 
in Fig. 5, an eight-fold increase in XIAP was observed in 
MSN cells 48 h following treatment with SAO 904 while 
the lipofectin-treated MSN cells had low XIAP levels. This 
suggests that a dramatic increase of XIAP observed in MSN 
cells may account for possible inhibition of caspase 
activation. 

Apoptotic cell death in the TC620 oligodendroglioma 
following SAO treatment 

Transfection of TC620 cells with SAO 904 induced a 
concentration-dependent reduction in survivin protein levels 
and at 400 nM, a 54% decrease relative to lipofectin-treated 
cells was observed (Fig. 6a). To determine whether the 



Survivin AS ollgo. g 

TTTT! 



Fig. 5 XIAP was increased in MSN cells following SAO treatment. 
Cells were treated with lipofectin or 400 nM of SAO 900, 901 , 903 
and 904 for 48 h. The blot was sequentially incubated with a XIAP 
monoclonal antibody (1 : 1000; IgGi) and p-tubulin (1 : 1000). 
Experiment was performed twice. With SAO treatment, the change 
of XIAP protein over p-tubulin relative to lipofectin was: 900, 
2.3-fold; 901, 3.9-fold; 903, 5.2-fold; 904, 8.0-fold. The result is 
representative of a single-experiment. -Similar results were obtained 
in an additional experiment. 



decrease in survivin was associated with an apoptotic mode 
of cell death, PARP cleavage was examined by immuno- 
blotting. SAO treatment induced PARP cleavage and 
generated the 85-kDa fragment characteristic of caspase 
induction during apoptosis. At concentrations of 100- 
400 nM SAO 904, a dramatic decrease of the 116-kDa 
PARP protein and an increase of the 85-kDa cleaved 
fragment was seen relative to the cleaved fragment seen in 
the lipofectin-treated cells and untreated cells. PARP 
cleavage in the lipofectin-treated (Fig. 6b) and untreated 
cells reflects the basal level of spontaneous apoptosis (Yang 
et al. 2000) in the TC620 cells prior to survivin antisense 
treatment. These experiments demonstrated that inhibition 
of survivin expression with SAO treatment is sufficient to 
induce apoptotic cell death in the TC620 cells. 

Trypan blue cell viability assays confirmed that SAO 
904 induced a concentration-dependent increase in trypan 
blue-positive cells after 48 h treatment (Fig. 6c). At 
100 nM, 200 nM and 400 nM the percentage of dead cells 
was 28%, 36%, and 62%, respectively. The percentage 
of trypan blue-positive cells treated with 600 nM mis- 
matched oligonucleotide 1132 (8%) was similar to the 
lipofectin control (6%). As shown in Fig. 6(d), the 
percentages of trypan blue positive cells with SAO 904 
and 906 at 600 nM concentration was 70% and 67%, 
respectively, and zVAD-fmk effectively decreased the 
numbers of trypan blue positive cells induced by SAO 
treatment to 11% and 15% further supporting a caspase- 
dependent mechanism of apoptotic cell death in the SAO- 
treated TC620 cells. 

To confirm the results of the PARP data that survivin 
down-regulation induced apoptosis, a TUNEL assay was 
performed on lipofectin, mismatch oligonucleotide 1132 and 
SAO-treated TC620 cells. The percentages of TUNEL 
positive cells with SAO 904 and 906 at 400 nM concentra- 
tion was 52% and 54%, respectively. At 600 nM, 63% of 
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Fig. 6 SAO reduced survivin protein levels and induced apoptosis 
in TC620 cells. All experiments were performed at least twice, (a) 
TC620 ceils were treated with lipofectin or increasing concentrations 
of SAO 904 (25-400 hm) for 48 h. The percentage of survivin pro- 
tein over p-tubulin relative to lipofectin upon treatment with SAO 904 
was: 25 nM, 109.1%; 50 nM, 97.4%; 100 nM, 67.6%; 200 nM, 45.2%; 
400 nM, 45.7%. (b) PARP is cleaved in TC620 cells following SAO 
treatment. The blot was incubated with a PARP monoclonal antibody 
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(1 : 500) and visualized by ECL (c) TC620 cells were treated with 
lipofectin, SAO 904 at 100, 200 and 400 nM or mismatched oligo- 
nucleotide 1132 at 200 nM and 400 nM concentrations, and stained 
with trypan blue. All time points were calculated in triplicate, (d) 
TC620 cells were treated with lipofectin, 600 nM SAO 904, 906 or 
mismatch oligonucleotide 1 1 32 alone, or co-treated with 20 \im of 
zVAD-fmk as above. Data represent mean ± SEM obtained from 
two independent experiments performed in duplicate. 



SAO 904- and 906-treated TC620 cells were TUNEL 
positive. Only 4% of the cells were TUNEL positive in the 
presence of lipofectin or mismatch oligonucleotide 1132. 

PI staining of lipofectin or mismatch oligonucleotide 
1132 treated TC620 cells showed normal nuclear morphol- 
ogy (Figs 7a and b) with very few apoptotic cells (2%) or 



cells with abnormal nuclei (1%; Fig. 8a). By contrast, 40- 
43% of the SAO-treated TC620 cells revealed nuclei with 
chromatin fragmentation and apoptotic bodies characteristic 
of an apoptotic mode of cell death (Fig. 7c, arrows; Fig. 8a). 
In addition, 9% of the SAO-treated cells exhibited multiple 
multilobed nuclei (Figs 7d and e, arrows; Fig. 8a). Thus, 



Fig. 7 PI staining demonstrates abnormal 
nuclear morphology of TC620 cells following 
SAO treatment. TC620 cells were treated 
with lipofectin (a), 600 nM of mismatch 1132 
(b) or SAO 904 (c and e), 906 (d) and 
stained with PI. Arrows in panel (c) point to 
apoptotic nuclei, and in panels (d), (e) and 
(f) point to abnormal macronuclei that are 
multi-lobed. Panel (f) shows phase micro- 
graph of panel (e) demonstrating that the 
abnormal multilobed nuclei are within indivi- 
dual cells. Two independent experiments 
were performed in duplicate. 
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Fig. 8 Analysis of SAO-treated TC620 cells following PI treatment, 
(a) TC620 cells were treated with 600 m SAO 904, 906, mismatch 
1132, or in the presence of zVAD-fmk. Approximately, 500-600 
nuclei were scored as normal, apoptotic or abnormal (macronudei, 
multilobed) on 15 random 40 x objective fields in duplicate following 
PI staining, (b) TC620 cells were treated as described in (a) were 
-stained with PI. Cells in -metaphase were identified-as those with 
chromosomes aligned on the metaphase plate; 15 random 40 x 
objective fields were counted. Results are mean ± SEM obtained 
from two independent experiments performed in duplicate. 



49-52% of the SAO-treated TC620 cells had abnormal 
nuclei. Co- treatment with SAO and zVAD-fmk dramatically 
inhibited apoptosis and the abnormal nuclear morphology 
(Fig. 8a) indicating that down-regulation of survivin results 
in caspase activation and apoptosis. Taken together, the 
85-kDa PARP cleavage product, PI staining of apoptotic 
bodies, zVAD-fmk inhibition of cell death and TUNEL 
staining of apoptotic cells definitively established apoptotic 
cell death in the survivin down-regulated TC620 cells. 

Co-administration of SAO and the caspase inhibitor 
zVAD-fmk decreased the numbers of abnormal nuclei 
from > 40% to 2% (Fig. 8a). Microscopic assessment of 
the SAO plus zVAD-fmk-treated cells demonstrated an 
approximate two-fold increase in the number of cells in 
metaphase compared with cells treated with SAO 904 or 906 
alone (Fig. 8b). zVAD-fmk in the presence of lipofectin and 
mismatch 1132 did not affect the number of cells in 
metaphase. This suggests that in the absence of survivin, 
SAO-treated TC620 cells cannot complete the normal 



mitotic cycle, arrest in metaphase and subsequently undergo 
apoptosis as a result of mitotic catastrophe. Our results 
support an interplay between mitotic regulation, tumor 
survival and cell death. 

Discussion - 

In this study, we have shown that all of the brain tumor cell 
lines examined in our laboratory expressed survivin. While 
the neuroblastoma, glioblastoma and the astrocytoma cells 
showed comparable survivin expression, the presence and 
abundance of survivin is indicative of a role for survivin as a 
regulator of neural tumor survival and pathogenesis. 
Precisely, how survivin regulates tumor progression is not 
completely understood, however it is clear from both the 
MSN and TC620 cell lines that survivin plays a major role 
in progression through mitosis. 

Our results show that inhibition of survivin resulted in a 
dramatic increase in macronuclei and multinucleated cells 
in the SAO-treated MSN cells relative to the scrambled 
oligonucleotide-treated cells or the untreated cells consistent 
with failed cytokinesis. PI staining and flow cytometry could 
not definitively demonstrate changes in ploidy due to the 
existing aneuploidy of MSN cells (54-96 chromosomes; 
Shafit-Zagardo, unpublished observation). Our studies are 
consistent with other reports that showed that SAO 
treatment results in cell death (Li et al 1999; Chen et al 
2000; Olie et al 2000), however, in the MSN cells SAO 
treatment did not activate caspase-3 or cleave PARP, and 
zVAD-fmk did not alter cell death suggesting that MSN 
cells die by a caspase-independent pathway. Our observa- 
tion that the percentage of cell death in the SAO-treated 
MSN cells was unaltered in the presence of zVAD-fmk 
(Figs 3c and 4g) further supports our finding that caspase-3 
was not activated upon SAO treatment. This result led us to 
speculate that MSN cells suppress caspase activation by the 
activation of another caspase binding protein. XIAP, c-IAP- 
1, c-IAP-2 and livin have the ability to interact directly with 
caspases and inhibit their ability to cleave substrates 
(Deveraux et al 1997; Roy et al 1997; Kasof and Gomes 
2000). XIAP is considered to be the strongest inhibitor of 
caspase-3 activation (Datta et al 2000). Therefore, we 
examined XIAP and determined that SAO treatment resulted 
in a dramatic increase in XIAP. This demonstrates that MSN 
cells and likely other tumor types can compensate for the 
loss of survivin function by up-regulating other IAP family 
members. Since these cells still underwent cell death 
indicates that survivin* s main role in MSN cells is in cell 
cycle progression, and the possible inhibition of caspases 
cannot block cell death. 

While we did not observe caspase activation or PARP 
cleavage in MSN cells following SAO treatment, we did 
observe abnormal nuclei and partial chromatin condensation 
even in the presence of zVAD-fmk. Partial chromatin 
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condensation suggests that an early stage of nuclear 
apoptosis was initiated in the absence of caspase activation 
(Daugas et al 2000; Susin et al 1999, 2000). Partial 
chromatin condensation can occur in cells that undergo 
caspase-independent atypical apoptosis and involves the 
nuclear translocation of apoptosis-inducing factor (AIF), a 
mitochondrial intermembrane flavoprotein, resulting in 
DNA fragmentation (> 50 kb) and partial chromatin 
condensation similar to the first stage of nuclear apoptosis 
in intact cells (Susin et al. 2000; Joza et al 2001). AIF 
has been shown to be translocated to the nucleus prior to 
the release of cytochrome c from the mitochondria 
(Daugas - et al. 2000). By immunofluorescence, we 
observed a consistent AIF and cytochrome c redistribu- 
tion pattern in the SAO-treated MSN cells (data not shown). 
Our data clearly demonstrate that AIF nuclear translocation 
and ensuing partial chromatin condensation occurs follow- 
ing SAO treatment consistent with caspase-independent cell 
death. 

In contrast to MSN cells, SAO-treated TC620 cells did 
not up-regulate XI AP and underwent caspase-dependent 
apoptotic cell death that was blocked when SAO and zVAD- 
fmk were co-administered. SAO and zVAD-fmk co-treated 
cells had two-fold more metaphase cells than untreated cells 
suggesting that the down-regulation of survivin inhibited 
cell cycle progression and mitotic catastrophe contributed to 
apoptosis. 

Based on our studies, it appears that survivin functions 
predominantly in cell division. Since cell cycle progression 
is universal it is not surprising that we observe survivin 
expression in all neural tumor cells examined. Survivin null 
mice die in embryogenesis, are polyploid and have disrupted 
microtubules consistent with a role in cell division (Uren 
et al 2000). Proteins involved in control of chromosome 
number or ploidy have been implicated in regulating 
programmed cell death and survivin may have developed 
IAP function via its BIR domain to aid in normal cell 
division and survival. In tumor cells, the death program is 
often compromised and regulated abnormally by a process 
of random mutation and selection, becoming progressively 
more malignant as they accumulate mutations that improve 
their ability to survive and proliferate. Thus, survivin' s role 
in cell division has been.co-opted by the tumor cell to aid in 
its survival. 

Our results indicate that inhibition of survivin expression 
unequivocally induced cell death in both the neuroblastoma 
and oligodendroglioma cell lines by a caspase-independent 
and caspase-dependent mechanism. Following survivin down- 
regulation, caspase activation appears to be contingent upon 
the ability of the cell to regulate and alter the levels of other 
IAP family members, particularly XI AP. This in part also 
supports the observation that survivin binds quantitatively in 
vitro to an IAP-inhibiting protein Smac/DIABLO (Du et al. 
2000), raising the possibility that it might suppress caspases 



indirectly by freeing other IAP family proteins from the 
constraints of this protein. 
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Abstract 

Antisense oligonucleotides are useful reagents for the suppression of gene expression. Their mechanism of action in eukaryotic cells 
appears to depend heavily on the activity of RNase H, a ubiquitous enzyme that cleaves the mRNA strand of an RNA-DNA duplex. 
However, the stringency requirements of RNase H are very low, and as little as a 5-base complementary region of oligomer to target may 
be sufficient to elicit RNase H activity. This would result in scission of nontargeted mRNAs, or what is known as "irrelevant cleavage." 
One strategy to reduce RNase H competency that has been employed is modification of the oligonucleotide backbone, replacing phos- 
phodiester linkages with uncharged methylphosphonates, which are not RNase H competent. Another strategy involves replacement of 
deoxyribonucleic acid with 2'-0-alkylribonucleic acid. A third strategy, eliminating RNase H dependency entirely, requires activation of 
RNase P. The relative merits of these strategies will be discussed in the context of selective inhibition of gene function. © 2000 Elsevier 
Science Inc. All rights reserved 
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1. Introduction 

Over the past decade, the antisense biotechnology has 
been employed many times to reproducibly demonstrate 
truly stunning down-regulation of protein expression in a 
variety of systems. For example, leaving aside conflicting 
data concerning antitumor effects in animals, targets, such 
as protein kinase C (PKC)-ot (Shen et al., 1999; Dean & 
McKay, 1994; Dean et al., 1996), c-raf kinase (Monia, 
1998), intercellular adhesion molecule- 1 (Bennett et ai., 
1997), and bcl-2 (Jansen & Brown, 1998), have been exam- 
ined by several laboratories, producing a consensus that in 
these examples, down-regulation of translation is indeed 
due to a Watson-Crick hybridization-dependent mechanism 
of action. Indeed, evidence exists that such a mechanism 
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may have clinical applicability. In an intriguing set of pre- 
liminary data (Yacyshyn et al., 1998), 7 of 15 patients 
(47%) with active, steroid-treated Crohn's disease treated 
with a phosphorothioate antisense oligonucleotide targeted 
to the intercellular adhesion molecule- 1 mRNA were in re- 
mission at the end of treatment, as compared with 1 of 5 
(20%) of the placebo control. Some patients remained in re- 
mission for as long as 6 months, and steroid doses were sig- 
nificantly lower in the antisense-treated patient cohort. 
Needless to say, follow-up of these data is eagerly antici- 
pated. 

In addition, the United States Food and Drug Adminis- 
tration recently has approved the marketing of Fomivirsen, 
a phosphorothioate oligodeoxynucleotide targeted to the cy- 
tomegalovirus immediate early (1E55) mRNA, as treatment 
for cytomegalovirus retinitis (Anderson et al., 1996). In this 
particular case, however, while Fomivirsen is undeniably 
active clinically, some doubts remain as to its mechanism of 
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action. These doubts relate to the nonspecificity of phos- 
phorothioates, engendered by their ability to nonsequence- 
specifically bind heparin-binding proteins (Guvakova et al., 
1995; Fennewald & Rando, 1995). In addition, this oligonu- 
cleotide can be irrimunostimulatory, due to the presence of 
the CpsG motif. The immunostimulation may take the form 
of a systemic release of potentially virucidal cytokines (i.e., 
interleukin-6, interleukin-12) and other soluble pro-inflamma- 
tory mediators, such as the chemokines macrophage inflam- 
matory protein- 1(3 and monocyte chemoattractant protein- 1, 
at least in mice (Zhao et al., 1997). These nonsequence-spe- 
cific effects of phosphorothioate oligonucleotides them- 
selves may be therapeutic. Sorting out specific and nonspe- 
cific mechanisms of action may often be extremely difficult, 
if not well nigh impossible. Fortunately, this matters neither 
to the physical health of a patient being treated with an anti- 
sense oligonucleotide nor to the financial health of the treat- 
ing entity. 

On the other hand, if an antisense strategy is employed to 
determine gene function rather than in the design of a poten- 
tial drug, the degree of specificity may be extremely impor- 
tant. Clearly, the ability of phosphorothioates to nonse- 
quence-specifically bind (often with nanomolar affinity) to 
proteins, such as basic and acidic fibroblast growth factors, 
epidermal growth factor receptor (Rockwell et al., 1997), 
platelet-derived growth factor, and vascular endothelial 
growth factor, among many others (Neckers & Iyer, 1998), 
confounds the connection between a molecular event and a 
biological readout. Many successful attempts have been 
made to reduce the phosphorothioate content of antisense oli- 
gomers, and to this end, a set of molecules called "gap-mers" 
have been developed (Agrawal et al, 1997; Dagle et al., 
1990; Quartin & Wetmur, 1989). Gap-mers are chimeric 
oligonucleotides in which the 5' and 3' regions of the mole- 
cule have had the phosphorothioate linkages replaced with 
phosphodiesters, which, in turn, requires substitution of 2'-0- 
methylribose for deoxyribose to preserve nuclease resistance. 
A region of contiguous phosphorothioates, often greater than 
6 and less than 10 in length, is allowed to remain for reasons 
that will be described below. Because it appears that the K d 
of binding of a phosphorothioate to a heparin-binding pro- 
tein is highly dependent on chain length (Stein et al, 1993), 
such molecules probably have far fewer nonsequence-spe- 
cific properties than the all-phosphorothioate congeners. 
However, there is an additional specificity problem that must 
be considered, one that is intrinsic to one of the fundamental 
mechanisms of action of antisense oligonucleotides. 



2. RNase U can mediate the antisense effect 

It has long been known (Walder & Walder, 1988; Min- 
shull & Hunt, 1986) that RNase H, an enzyme that cleaves 
the mRNA strand at the site of hybridization of a comple- 
mentary strand of DNA, can mediate the antisense effect in 



a variety of systems, including wheat germ extract (Ca- 
zenave et al., 1987) and Xenopus oocytes (Shuttleworth & 
Coleman, 1988). While not rigorously proven to be so, 
RNase H activity probably is a major mediator of the anti- 
sense effect in intact mammalian cells also. Giles et al. 
(1995) have detected RNase H-generated 3'-fragments of 
the p53 mRNA after microinjection of an antisense p53 oli- 
gonucleotide. The critical role of RNase H is also inferred 
by the fact that identical antisense sequences will either be 
effective or not, depending on whether the oligonucleotide 
backbone is competent to elicit RNase H activity. Compe- 
tent backbones include phosphodiester and phosphorothio- 
ate linkages (Stein et al., 1988), as long as the sugar moiety 
is deoxyribose. Molecules containing uncharged backbones, 
composed exclusively of methylphosphonate (Furdon et al., 
1989) or peptide nucleic acid linkages, and molecules that 
exclusively contain either N3'-P5' phosphoramidate link- 
ages or 2'-0-methylribose (or any substitution at the 2' po- 
sition) are not competent. 

Cazenave et al. (1987) first noted that in wheat germ ex- 
tract, RNase H could cleave the P-globin mRNA at a site 
that was only a 1 3 -bp complement to a 1 7-mer antisense oli- 
gonucleotide. In fact, it has long been recognized (Monia et 
al., 1993) that a 5 (and perhaps even as low as 4) contiguous 
base region of homology, under some circumstances, may 
be sufficient to elicit RNase H activity. Observations of this 
type led Giles and Tidd (1992a, 1992b) to propose the hith- 
erto unthinkable notion that the longer the length of an 
RNase-H competent oligonucleotide, the less specific it 
would become. This follows directly from the fact that only 
a small number of contiguous bases are required for compe- 
tency; as the length of the oligomer increases, the number of 
nested short sequences also increases. Thus, as described by 
Giles and Tidd (1992a, 1992b), any 15-mer can be viewed 
as containing 8 overlapping 8-mers. However, every 8-mer, 
each representing a potential RNase H cleavage site, would 
be expected to occur approximately once in every 6.55 X 
10 4 bases of random sequence, or once in every 8192 bases, 
for the sum of the 8. This is far greater than the 1 in 10 9 pre- 
dicted purely on the basis of sequence homology alone. 
(Nevertheless, it is also probably true that very few of these 
1 in 8192 sites are accessible, either for hybridization or to 
RNase H. In fact, recent data [Mir & Sothern, 1999] suggest 
that nucleation and zippering, initial events in duplex for- 
mation, can only occur in select regions of defined mRNA 
structure.) 

This cleavage of nontargeted mRNAs by RNase H has 
been informally termed "irrelevant cleavage," and the ex- 
tent to which it may create problems in the interpretation of 
results probably is dependent not only on oligomer length, 
but on backbone and concentration. Intracellular concen- 
tration, in turn, may depend on the nature of the agent used 
to deliver the oligonucleotide. 

Suppression of irrelevant cleavage potentially can be ac- 
complished in a number of ways, the most common one in- 
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volving backbone modification to prevent RNase H compe- 
tency (Larrouy et al., 1992; Giles & Tidd, 1992a, 1992b; 
Giles et al., 1993). Larrouy et al. (1992) examined inhi- 
bition of globin mRNA translation in cell-free wheat germ 
extract by a 1 5-mer phosphodiester oligonucleotide targeted 
to nucleotides 37-51 on the a-globin mRNA. This oligomer, 
however, was also partially complementary to the P-globin 
sequence, and included runs of 7 and 10 base contiguous 
homology. Fifty percent inhibition was observed of both 
a- and p-globin protein production at ^0.3-0.5 pM. In 
congruence, P -globin mRNA was also rapidly cleaved to 
fragments corresponding to the regions of maximum com- 
plementarity (13 bases total out of 15; 12 contiguous) be- 
tween oligomer and message. When the concentration of 
oligomer was increased, an additional mRNA cleavage 
fragment was observed that corresponded to a region of 
somewhat lesser complementarity (7 bases out of 1 5). 

The authors then synthesized two oligonucleotides that 
substituted six and four non-RNase H competent meth- 
ylphosphonate linkages for phosphodiester at the 3' molec- 
ular terminus. Stereo-random methylphosphonates also 
have lower affinity for their complementary mRNA targets, 
and thus, tend to destabilize duplexes, a property that, in 
theory, would also contribute to diminished RNase H sensi- 
tivity. Two additional methylphosphonate substitutions were 
made near the 5' terminus, leaving phosphodiester gaps (which 
retain RNase H competency), comprising the remaining five 

[A] and seven [B] linkages, respectively. For both [A] and 

[B] , the 1C 50 increased by approximately 5 -fold, although 
many factors may account for this. However, [B] (but not 
[A]) increased specificity, as at a concentration of 1 jjlM [B], 
a-globin synthesis was inhibited by about 50%, while inhi- 
bition of p-globin synthesis was rriinimal. Northern blotting 
for p-globin mRNA fragments revealed no cleavage, even 
at a concentration of 5 uM oligomer. 

A similar set of results was obtained by Giles and Tidd 
(1992a). A 1700 nucleotide in-vitro transcribed c-myc mRNA 
fragment was the target, and a 14-mer phosphodiester oligo- 
mer was employed to elicit RNase H activity and mRNA 
cleavage. In theory, two fragments of 270 and 1430 nucle- 
otides were expected, but in fact, the 1 430 nt fragment was also 
rapidly cleaved. However, 6 regions of contiguous homology 
to the oligomer, of at least 6 bases in length, were identified 
within the c-myc mRNA. Interestingly, regions of complemen- 
tarity (6 bases) were also observed, even with sense and non- 
sense oligonucleotides, which were also shown to cleave the 
c-myc mRNA. Strikingly, in this system, the activity of RNase 
H is so high that even a p53 control, mRNA was cleaved un- 
der the influence of the c-myc oligonucleotide, which, at least 
in theory, should not have promoted any cleavage. However, 
a region of 1 1 -base complementarity to this oligomer was 
found in the p53 mRNA. No region of 6 base or greater 
complementarity was present in the nonsense sequence, 
which did not elicit cleavage. Similar results were obtained 
for an all-phosphorothioate oligomer (Giles et al., 1993). 



Progressive substitution of methylphosphonate linkages 
for phosphodiester significantly decreased the number of 
additional RNase H cleavage sites, while retaining cleavage 
at the target site. The most effective oligomer tested con- 
tained 5 methylphosphonates at each molecular terminus 
separated by 4 contiguous phosphodiester linkages. This 
substitution pattern also greatly reduced (but did not elimi- 
nate) the irrelevant cleavage of the p53 mRNA control. 

Subsequently, Giles et al. (1993) determined that an anti- 
sense c-myc oligomer containing only a 2-base phosphodi- 
ester segment (the remainder of the backbone being meth- 
ylphosphonate) was sufficient to elicit appropriate cleavage 
of the target mRNA, while cleavage at other sites was al- 
most entirely suppressed, save for low activity at a single 
additional site. A single phosphodiester residue was not suf- 
ficient for RNase H competency. Similarly, control p53 
mRNA cleavage was directed only to a trivial extent by the 
oligomer containing 2 phosphodiester linkages. However, it 
should be noted that such extremely low RNase H strin- 
gency has not been commonly observed, at least to the best 
information of this author. 

Gap-mer oligonucleotides were also shown to efficiently 
discriminate between its target and a single base-mis- 
matched target (Giles et al., 1995). Two 1270 nt p53 mRNA 
transcripts were employed: the wild-type and one with a 
G-A mutation at position 1032 (the so-called Harlow se- 
quence). A gap-mer (oligomer [C]) was also created with 3 
methylphosphonate linkages at the 3' and 5' termini and 7 
central phosphodiesters. In in vitro experiments in which 
the wild-type and Harlow targets were combined, the all- 
phosphodiester wild-type oligomer induced cleavage of 
about 80% of the wild-type target, but also about 45% of the 
Harlow target. Conversely, the all-phosphodiester oligomer 
targeted to the Harlow sequence induced cleavage of >80% 
of the Harlow mRNA, but also 70% of the wild-type 
mRNA. Remarkably, however, wild-type antisense oligo- 
mer [C], while inducing cleavage of about 60% of the 
wild-type p53 sequence, did not induce any scission of the 
Harlow sequence. Similarly, Harlow antisense oligomer [C] 
induced cleavage of its appropriate mRNA target, but little 
or no cleavage of the wild-type target. 

Similar findings were obtained in living MOLT4 leuke- 
mia cells (Giles et al., 1995) that had been permeabilized 
with streptolysin O to promote cytoplasmic and nuclear de- 
livery of the antisense p53 oligonucleotides. Oligomer [C], 
the gap-mer, caused a 78% reduction in levels of p53 
mRNA, while the Harlow oligomer [C] was inactive. This 
compares to a reduction of wild-type p53 mRNA expression 
of about 30% by the all-phosphodiester anti-Harlow se- 
quence oligomer. 

However, this improvement in discrimination on reduc- 
tion of phosphodiester (or phosphorothioate) content and its 
replacement by methylphosphonate can be reversed if the 
backbone is modified to increase the affinity of the oligo- 
mer for its mRNA target. This occurs (Larrouy et al., 1995) 
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when several 2'-Oalkylribonucleotides (alkyl = methyl, al- 
lyl, butyl) replace deoxyribonucleotides at the 3' and 5' mo- 
lecular termini. These molecules are nuclease resistant, but 
they are not RNase H competent, requiring the gap to be 
filled with deoxyribonucleotides. However, the presence of 
the 2'-0-alkylribonucleotide residues dramatically increases 
the value of the melting temperature (T m ) of the duplex. 
For example, for the antisense ot-globin (100% complemen- 
tary at positions 37-5 1 ) oligomer, the T m for the gap-mer re- 
taining just 5 central deoxyribonucleotide phosphodiesters 
(oligomer [D]) is 72°C, compared with 59.5°C for the all- 
deoxyribonucleotide congener and 36.5°C for the methyl- 
phosphonate gap-mer described in Section 2 (e.g., oligomer 

[C] ). Presumably due to this increased affinity, oligomer 

[D] decreased translation of both a- and p-globin to approx- 
imately the same extent, in contrast to what was observed 
for the methylphosphonate gap-mer, which, as described in 
Section 2, was far more discriminating. These in vitro re- 
sults underscore the difficulty inherent in obtaining a "pure" 
antisense effect: If the oligomer sequence is sufficiently 
short, perfect complementarity to nontargeted sequences 
can be approached. If the sequence is too long, partial, but 
RNase H-competent, complementarity can result. A duplex 
of low T m may not be antisense active, but if modifications 
to the oligomer are made to increase T m , RNase H compe- 
tency may also increase. Furthermore, as described in the 
next section, it is probably true that these types of problems 
also occur with some regularity in intact cells, as well as in 
cell-free systems. 

3. Potential irrelevant cleavage in intact cells 

Recently, Benimetskaya et al. (1998) were evaluating 
cationic porphyrins as a novel delivery reagent for oligonu- 
cleotides. The target was the 3' untranslated region of the 
PKC-a mRNA and the antisense species was a 20-mer all- 
phosphorothioate (Dean & McKay, 1994; Dean et al., 1996) 
oligodeoxyribonucleotide, also known as Isis 3521. In ini- 
tial reports, lsis 3521, when delivered in complex with Li- 
pofectin, was highly effective in T24 bladder carcinoma 
cells at down-regulating the expression of PKC-a protein 
and mRNA, as assessed by Western and Northern blotting, 
respectively. The authors examined levels of other isoforms 
of PKC (PI and Q, but did not fmd inhibition of either by 
lsis 3521. 

However, when we delivered lsis 3521 in complex with 
the cationic porphyrin meso tetra(methylpyridyl) porphine, 
inhibition was observed not only of PKC-a protein and 
mRNA expression, but of PKC-£ (although not of PKC-pl, 
8, or e) protein and mRNA expression also. Indeed, the ex- 
pression of the 4.0 and 2.2 kb PKC-£ transcripts was re- 
duced by >95%, while levels of control PKC-\A mRNA 
were essentially unchanged. 

It is a strong possibility that the co-down-regulation of 
PKC-£ expression by an antisense PKC-a oligonucleotide is 
due to irrelevant cleavage. There is a contiguous 11 -base 



match between lsis 3521 and the PKC-£ mRNA, which, in 
theory, and certainly in cell-free systems, is more than suffi- 
cient for RNase H competency. Another antisense oligomer, 
lsis 3522, which is targeted to the 5' region of the PKC-a 
mRNA, inhibits PKC-a protein and mRNA expression, but 
does not inhibit PKC-£ expression. In this case, however, 
only a 4-base region of complementarity exists between the 
oligonucleotide and the PKC-£ target, which probably is not 
sufficient in this system for RNase H competency. (This ex- 
periment rules out the possibility that down -regulation of 
PKC-a expression is directly responsible for down-regula- 
tion of PKC-£ expression.) Irrelevant cleavage was not seen 
when the delivery vehicle was the cationic lipid Lipofectin, 
probably because the 1C 50 was somewhat lower when the 
oligomer was delivered by Lipofectin than when delivered 
by porphyrin delivery vehicle. However, this does not imply 
that cationic lipids are always superior delivery vehicles, as 
they may display significant cellular toxicity and produce 
confusion in the interpretation of results (Maus et al., 1999). 
In fact, in our hands, cationic lipids probably are too toxic to 
be used in human prostate cancer cell lines. 

4. Potential elimination of irrelevant cleavage 

The data in cell-free systems discussed in Section 2, in 
combination with that obtained by Benimetskaya et al. 
(1998), underscore the necessity of examining the levels of 
proteins and mRNAs that are related to any given target. 
Furthermore, in these experiments, there is no reason to be- 
lieve that PKC-£ is the only gene affected by irrelevant 
cleavage; there are undoubtedly many more; however, at the 
present time, they are difficult to identify, although this may 
change when microarray technology is applied to this prob- 
lem. These experiments also highlight the difficulties in ex- 
trapolating a biologic or physiologic readout from antisense 
inhibition of a single gene, simply because due to the low 
stringency requirements of RNase H, it is not likely that a 
single gene is being inhibited when commercially available 
backbones (e.g., phosphorothioates) are employed. Even 
when "designer" oligomers are employed, irrelevant cleav- 
age still occurs, albeit possibly to a lesser extent, depending 
on the modification. 

Put more simply, the catchphrase "one oligo, one gene" 
at this time, does not represent experimental reality. How- 
ever, since the development of much antisense technology 
is predicated on that very idea, it becomes necessary to de- 
vise strategies to approach the ephemeral goal. Conceptu- 
ally, this is not difficult; simply eliminate any RNase H ac- 
tivity. In practice, however, this is difficult because the 
elimination of RNase H competency creates one or more 
additional problems. Partial diminution in RNase H compe- 
tency can be accomplished by charge reduction, as we have 
seen, but excessive charge reduction can lead to insolubility 
and formulation difficulties, and drastically diminished de- 
liverability by cationic (e.g., lipid, porphyrin, Starburst den- 
drimer) carriers. In addition, uncharged molecules usually 
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are not very active antisense effectors, not only because 
RNase H competency has been eliminated. To produce ac- 
tivity, these molecules must depend on steric blockade of 
translation. However, 80S elongating ribosomes have in- 
trinsic unwinding ability (Liebhaber et al., 1984; Shakin & 
Liebhaber, 1986), and probably can be read through the 
steric block. The retention of charge by substitution of nu- 
clease-resistant, but non-RNase H competent, 2'-0-alkyloli- 
goribonucleotides throughout the length of the backbone retains 
the property of aqueous solubility, but also diminishes efficacy, 
probably also because of ribosome-promoted unwinding. 

Altman and colleagues (Airman, 1993; Forster & Alt- 
man, 1990) over the past decade have initiated and devel- 
oped the idea of eliminating RNase H-dependent mRNA 
cleavage and instead, inducing cleavage by RNase P. RNase 
P, like RNase H, is also a ubiquitous cellular enzyme, but its 
function is to cleave the 5' terminus of precursor transfer 
RNAs (tRNAs) to generate the mature tRNA. If a 32-mer 
synthetic complementary oligonucleotide (called an exter- 
nal guide sequence [EGS]) is designed to mimic certain 
structural features of precursor tRNA (i.e., to incorporate a 
stem with a 7 residue loop, in addition to the 2 hybridizing 
arms), then it can be been shown in cell-free systems that 
RNase P will cleave the target RNA at the junction between 
the single-stranded leader sequence and the duplex formed 
with the EGS (Ma et al., 1998). 

RNAse P cleavage of chloramphenicol acetyltransferase 
mRNA has also been demonstrated in HeLa cells (Yuan et 
al., 1992), but this EGS was a 68-mer derived from a trans- 
fected construct driven by a mouse U6 pollll promoter. This 
molecule is too long for scale-up synthesis, and because it is 
RNA, it is easily hydrolyzable. Ma et al. (1998) recently 
have developed a series of nuclease-resistant, serum-stable 
EGSs that efficiently induce RNase P cleavage in vitro of a 
29-mer derived from the hepatitis B virus genome. Ma et al. 
(2000) employed the antisense PKC-a model in T24 blad- 
der carcinoma cells and demonstrated that EGS targeted to 
the same site as the all-phosphorothioate Isis 3521 indeed 
can perform this function in living cells, and that moreover, 
problems of irrelevant cleavage of the PKC-£ mRNA that 
we observed with the antisense oligonucleotide did not oc- 
cur with EGS. This suggests that if a way can be found to 
synthesize these molecules in bulk and at less expense, the 
EGS approach potentially may have value in experiments 
designed to evaluate specific gene function. A note of cau- 
tion must still be raised, however, as EGS, like all other 
charged species, needs to be delivered by cationic carriers; 
the effects of these materials on gene expression, however, 
have not been well studied. 

5. Concluding remarks 

Antisense oligonucleotide biotechnology has entered a 
phase of its development in which many problems engen- 
dered by nonsequence specificity are being recognized and 
actively addressed. However, in order to improve the speci- 



ficity of the methodology, attention must now also be paid 
to co-suppression of gene activity due to irrelevant cleav- 
age. To the extent that this issue also is addressed, corre- 
lations between the down-regulation of a defined target and 
an observed biological outcome (e.g., growth suppression) 
eventually may be possible. The removal of RNase H-asso- 
ciated in favor of RNase P-associated mechanisms may rep- 
resent an advance towards this end. 
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Cholesteryl ester transfer protein (CETP) is the en- 
zyme that facilitates the transfer of cholesteryl ester 
from high density lipoprotein (HDL) to apoB-containing 
lipoproteins and also affects the low density lipoprotein 
metabolism. On the other hand, the liver isthe minor 
tissue responsible for the production of CETP ILfcir 
mRNA) in rabbits. To test the hypothesis that a reduc- 
tion of CETP mRNA in the liver by antisense oligode- 
oxynucleotides (ODNs) may affect the plasma lipopro- 
tein cholesterol levels, we intravenously injected 
antisense ODNs against rabbit CETP coupled with as.a- 
loalycoprotein carrier molecules, which serve as an im- 
portant method to regulate liver gene expres s.on. to 
cholesterol-fed rabbits via their ear veins. All rabb ts 
were fed a standard rabbit chow supplement with 0.1 A 
cholesterol for 10 weeks before and throughout the ex- 
periment. After injecting rabbits with antisense ODNs, 
The plasma total cholesterol concentrations and plasma 
CETP activities all decreased at 24, 48, and 96 h. whereas 
the plasma HDL cholesterol concentrations increased at 
48 h A reduction in the hepatic CETP mRNA was also 
observed at 6. 24. and 48 h after the injection with anti- 
sense ODNs. However, in the rabbits injected with sense 
ODNs the plasma total and HDL cholesterol concentra- 
tions and the plasma CETP activities did not sigmfi 
cantly change , P and the hepatic CETP mRNA did not 
change either throughout the experimental period Al- 
though the exact role of CETP in the development of 
atherosclerosis remains to be clarified, these findings 
showed for the first time that the intravenous injection 
with antisense ODNs against CETP coupled to as.alogly- 
coprotein carrier molecules targeted to the liver cou 
thus inhibit plasma CETP activity and, as a result, could 
induce a decrease in the plasma low density lipoprotein 
and very low density lipoprotein cholesterol and an in- 
crease in the plasma HDL cholesterol in cholesterol-fed 
rabbits. 



Cholesteryl ester transfer protein (CETP) 1 is a plasma gly- 
coprotein that catalyzes the transfer of cholesteryl ester and 
triglyceride among lipoproteins (1. 2). CETP deficiency ,n hu- 
mans (3-5) has been proposed to be associated with longevity 
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(3) The homozygotes for CETP deficiency demonstrated mark- 
edly elevated HDL-C and plasma apoA-I levels as well as 
decreased LDL cholesterol and plasma apoB levels (4, 6). 
CETP-deficient subjects have also been found to have a sub- 
stantially increased catabolic rate of apoB as the primary met- 
abolic basis for the low plasma levels of LDL apo B (7). This 
finding indicates that the LDL receptor pathway may thus be 
up-regulated during CETP deficiency. It has also been pro- 
posed that a CETP deficiency may be associated with protec- 
tion against ishemic heart disease, based on the observed lon- 
gevity in one kindred (3), as well as the lack of any evidence of 
coronary heart disease (6) in other kindreds with CETP defi- 
ciency however, these findings remain controversial. Several 
other lines of evidence also support the hypothesis. The plasma 
level of CETP is directly correlated with the extent of coronary 
atherosclerosis in monkeys fed a cholesterol diet (8). A trans- 
genic mouse overexposing simian CETP developed acceler- 
ated atherosclerosis (9). Thus, the inhibition of plasma CETP 
activity may potentially be a novel method of reducing the 
plasma levels of LDL cholesterol by enhancing LDL catabolism 
(7) and decreasing the transfer of cholesteryl ester from HDL to 
apoB-containing lipoproteins (1.2). Since the liver is the major 
tissue responsible for the production of CETP (CETP mRNA) in 
rabbits (10 11) (even though adipose tissue may also be the 
major tissue responsible for the production of CETP in mon- 
keys (12)) a reduction of CETP in the liver by antisense oli- 
godeoxynucleotides (ODNs) may thus cause a reduction in the 
plasma LDL and/or VLDL cholesterol concentrations. The pres- 
ent study was therefore undertaken to determine the effect of 
an intravenous injection with antisense ODNs to the liver on 
the CETP mRNA expression, plasma CETP activity and 
plasma cholesterol concentrations in rabbits fed a low choles- 
terol diet These antisense ODNs were originally designed to be 
coupled with asialoglycoprotein carrier molecules, and this cou- 
pling serves as an important method to regulate liver gene 
expression (13). 

MATERIALS AND METHODS 

Construction of ODNs — The sequences of ODNs j?£pj^p j*^ r p'~^? 
used in this study were as follows: antisense. 5 -CTTGACCCOIA,- 
CGAGGAGCAT-3'; sense, 5 ' -ATGCTCCTCGGCCGGGTC AAG-3 , por- 
tions + 148 to +168 of the rabbit sequence (11). These selected target 
sequences have relatively low homology with any of the other known 
cDNA sequences found in the GenBank data base. The synthetic ODNs 
were ourified on the column, dried down, resuspended in Tns-EDTA (10 
mM Tris pH 7.4. and 1 mM EDTA). and then quantitated by spect- 
rophotometry. Asialoglycoprotein-poly-L-lysine (M approxim atrfy 
71 400), which was prepared according to the method of Wu and Wu 
(1 41 and Wu et al. (15). was added to the ODNs (at a molar ratio of 25. 1) 
with vigorous mixing. The solution was Incubated at 4 "C overnight and 
dTalyzed (two times) against 0.15 m saline (1500:1; membrane M r cutoff 
3500) The samples were electrophoresed through a 2% agarose gel 
usine Tris/borate/EDTA buffer and then stained with ethidium bromide 
to visualize DNA. The samples were filtered through a 0.2-fiin mem- 
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Fic 1 Asialoglycoprotein-poly L-lysine-ODN complex and 
ODNs alone were electophoresed through 2% agarose gel using 
a Tris/borate/EDTA buffer and then were stained with ethidium 
bromide to visualize DNA. Lane h asialoglycoprotein-poly-L-lysine- 
ODN-complex; lane 2. ODNs alone; MM. Haelll molecular marker. 



brane (Millipore Corp., Bedford, MA) before injection. 

Experimental Protocol-Twenty-six male Japanese white rabbits 
weighing 2 0-2 5 kg were used in the experiment. All animals were 
housed individually, had free access to water, and were fed a standard 
rabbit chow supplement with 0.1% cholesterol for 10 weeks before and 
throughout the experiment. The plasma total and HDL cholesterol 
concentrations, which did not significantly change between the period 
after 9 and 10 weeks of feeding, were determined. Thirteen animals 
were injected with asialoglycoprotein-poly-L-lysine-antisense ODN 
complex, whereas the remaining 13 animals were injected with asialo- 
g]ycoprotein-poly-L-lysine-sense ODN complex via the ear veins^ The 
I mount of ODNs injected was 30 „g/kg for each rabbit. At 6. 24, 48 and 
96 h after injection, two rabbits in each group were killed, andiiver 
specimens were taken. At the same time, about 1 ml of the blood was 
drawn from the remaining animals via their ear veins. 

Measurement of CETP mRNA-Tota\ RNA was isolated from the 
liver with a RNAzolB solution (Biotex, Friendswood, TX) according to 
the the manufacturer's procedure with slight modifications (12). The 
abundance of CETP mRNA was determined by quantitative dot blotting 
(16) The rabbit cRNA probe labeled with fluoresce! n-dUTP was pro- 
duced by the nonradiolabeled, reverse transcription polymerase chain 
reaction (PCR) (Amersham Corp.). according to the rabbit sequence 
(11) The sense and antisense primers used for PCR, the sizes of the 
PCR products, and the PCR cycles in each cRNA probe were: CETP, 
sense 5'-CTTTCCATAAACTGCTCCTG-3'; antisense. 5 -CCTGGG- 
TCTCCGCACTTTCT-3'; size, 482 base P alra ^g^J 

CAGTA^ size ' 343 

base pairs; 30 cycles. 

Biochemical Analysis-The plasma cholesterol concentrations were 
measured in whole plasma and in the HDL-containing supernatant 
after the precipitation of VLDL and LDL with dextran-Mg 2 using the 
Wako total and HDL cholesterol measuring kit (Wako Ltd., Osaka, 
japan). The plasma constituents related to liver function were analyzed 
using an automatic analyzer (Hitachi Ltd.. Tokyo, Japan). The CETP 
activity in the plasma was determined by a radioassay according to the 
modified method of Yen et al. (17). A volume of 20 ^ of plasma was 
incubated for 30 min at 37 °C in the presence of [ 3 H]cholesteryl oleate- 
labeled HDL (3-10 nmol CE) and an excessive amount of VLDL and 
LDL (0.2 yxixo\ of CE). The volume was adjusted to 200 p\ " with Tns- 
saline (pH 7 4) before incubation. After the precipitation of VLDL and 
LDL by heparin and MnCl 2 (18). half of the supernatant volume was 
then removed and counted in a liquid scintillation counter. 

Statistical Analysis-M\ values are presented as the mean ± stand- 
ard error of the mean. The statistical analysis was performed by a 
paired t test for comparisons in the intragroup and by Student's t test 
for comparisons between the groups. Differences were considered sta- 
tistically significant at a value of p < 0.05. 

RESULTS 

We characterized the asialoglycoprotein-ODN complex by gel 
electrophoresis. The samples were electrophoresed through a 
2% agarose gel using Tris/borate/EDTA buffer and then were 
stained with ethidium bromide to visualize DNA (Fig. 1). The 
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Fig 2. Changes in the plasma cholesterol concentrations and 
plasma CETP activities. Concentrations were measured at 0 (n - 
13) 6 (n = 1 1) 24 (/7 = 9), 48 (n = 7), and 96 (n = 5) h for each group. 
• rabbits injected with antisense ODNs; O, rabbits injected with sense 
ODNs. Values are mean ± S.E. a. p < 0.05; b. p < 0.01; c, p < 0.001 
compared with 0 h, as determined by a paired r test. X, p < 0.05; y, p< 
0.01 compared with rabbits injected with sense ODNs. as determined by 
Student's t test. 

ODNs were retained by the asialoglycoprotein-poly-L-lysine 
conjugate in the well, whereas ODNs alone entered the gel. In 
the rabbits injected with antisense ODNs, the total cholesterol 
concentrations and the CETP activities were all significantly 
decreased at 24, 48, and 96 h compared with those at 0 h. At 
48 h, the total cholesterol concentrations and the CETP activ- 
ities were also significantly lower in the rabbits injected with 
antisense ODNs than in those injected with sense ODNs (Fig. 
2). The HDL cholesterol concentrations significantly increased 
at 48 h compared with those at 0 h and the rabbits injected with 
sense ODNs (Fig. 2). In the rabbits injected with sense ODNs, 
the total and HDL cholesterol concentrations and the CETP 
activities did not significantly change throughout the experi- 
ment (Fig. 2). Fig. 3 shows a typical example of the dot blot 
analyses of hepatic CETP mRNA treated with antisense ODNs. 
A reduction of hepatic CETP mRNA was observed at 6, 24, and 
48 h after injection with antisense ODNs. When the amount of 
hepatic CETP mRNA was measured by scanning and expressed 
as a ratio to glyceraldehyde-3-phosphate dehydrogenase 
mRNA the mean values were 0.83 (100%) at 0 h, 0.43 (51.8%) 
at 6 h, 0.40 (48.2%) at 24 h, 0.65 (78.3%) at 48 h. and 0.87 
(104 8%) at 96 h (the parentheses express the percentages 
against the value at 0 h). Hepatic CETP mRNA treated with 
sense ODNs did not change throughout the experimental pe- 
riod (data not shown). We measured the plasma constituents 
related to liver function (aspartate aminotransferase, alanine 
aminotransferase y-GTP, alkaline phosphatase, and total bili- 
rubin), including triglyceride in the rabbits (data not shown). 
These levels did not significantly change throughout the exper- 
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Fic. 3. Dot blot analyses of hepatic CETP mRNA treated with 
antisense ODNs. Glyceraldehyde-3-phosphate dehydrogenase mRNA 
[GAPDH) is indicated as the control. 

imental period and were also not significantly different be- 
tween the animals injected with sense and antisense ODNs. 

DISCUSSION 

In the present study, an injection of asialoglycoprotein-poly- 
L-lysine-antisense complex reduced the hepatic CETP mRNA, 
plasma CETP activities, and plasma total cholesterol, whereas 
it increased HDL cholesterol concentrations. The antisense 
ODNs used in the present study demonstrated no side effects 
within 4 days after injection. The antisense ODNs are widely 
used as inhibitors of specific gene expression because they offer 
the possibility of blocking the expression of a particular gene 
without any changes in the functions of other genes (19). How- 
ever, for successful antisense delivery, some criteria must be 
fulfilled (19-21). Recently, an efficient gene transfer method 
mediated by a viral liposome complex has been used as a 
delivery system of antisense ODNs in vivo (22-24). However, to 
use the methods mentioned above, many technical and meth- 
odological difficulties still need to be overcome in comparison 
with those in our study, and such gene targeting is also trou- 
blesome to use in chronic clinical situations, such as in the 
treatment of atherosclerosis. Regarding lipoprotein metabo- 
lism, almost all enzymes and apolipoproteins are produced in 
the liver; therefore, the efficient receptor-mediated delivery of 
antisense ODNs to the liver in vivo used in our study may be 
useful for both diagnostic and therapeutic applications for li- 
poprotein metabolism. In our study, the total cholesterol con- 
centrations and the CETP activities were all significantly de- 
creased at 24, 48, and 96 h, whereas the HDL cholesterol 
concentrations significantly increased only at 48 h compared 
with those at 0 h. At 48 h, the total cholesterol decreased 
substantially more than the HDL cholesterol increased (Fig. 2). 
Although we could not conclusively clarify the exact reason for 
these results, the following factors are considered to play a role. 
The assay used for the CETP activity in this study cannot 
always show the true CE mass transfer in vivo, because the 
assay uses exogenous lipoprotein substrates added in the as- 
say, whereas in vivo the CE is transferred among the endoge- 
nous lipoproteins of plasma (25). This may partly explain why 
the CETP activity is still significantly reduced at 96 h, whereas 
the HDL cholesterol levels returned to normal. It has been 
reported that there is an inverse relationship between the 
plasma CETP and liver LDL receptor mRNA in CETP trans- 
genic mice (26). The induced LDL receptor expression in LDL 
receptor transgenic mice leads to a marked reduction in plasma 
VLDL and LDL (27), possibly because approximately 50-80% 
of VLDL and/or LDL is cleared by hepatocytes, due to LDL 
receptor-mediated endocytosis (28. 29). LDL receptor protein 
and activity are generally parallel to LDL receptor mRNA 
levels (27). It is also indicated that the reduction of plasma 
CETP reduces the plasma levels of LDL and VLDL cholesterol 
possibly by enhancing LDL catabolism (7) and possibly by 
decreasing the transfer of cholesteryl ester from HDL to apoB- 
containing lipoproteins (1,2), and it also increases the plasma 
level of HDL cholesterol, possibly due to the latter reason. 
Since normal rabbits have a large degree of CETP activity (30), 



and the LDL receptor is down-regulated, and CETP mRNA in 
the liver and plasma CETP increase especially in the rabbits 
fed an atherogenic diet more than in those fed a standard diet 
(10), the inhibition of CETP by antisense ODNs in our study 
may thus affect not only the decrease in CETP but also the 
increase in the LDL receptor much more than other models. 
Thus, as a result, the VLDL and LDL cholesterol levels might 
be reduced more than the HDL level was increased. Our anti- 
sense injection was considered successful for the following rea- 
sons: (a) the asialoglycoprotein-poly-L-lysine-antisense complex 
is rapidly and preferentially taken up by the liver (13) and has 
enhanced resistance to nuclease degradation in plasma (31); (b) 
the amount of CETP mRNA in the liver is thought to be rela- 
tively low compared with other lipoprotein mRNAs in the liver; 
however, these findings have only been previously seen in the 
cynomolgus monkey (12); and (c) the liver is the major tissue 
responsible for the production of CETP (CETP mRNA) in rab- 
bits (10, 11) (although adipose tissue may also be found in 
monkeys (12)). The exact role of CETP in the development of 
atherosclerosis has yet to be clarified. Marotti et al. (9) demon- 
strated that transgenic mice expressing cynomolgus monkey 
CETP had significantly more early atherosclerotic lesions in 
the proximal aorta than controls when fed a high cholesterol 
diet. On the other hand, more recently Hayek et al (32) con- 
cluded that CETP expression inhibited the development of 
early atherosclerotic lesions in hypertriglyceridemic mice. The 
CETP expression in hypertriglyceridemic animals produced a 
much greater reduction in the HDL size (33). These small 
particles, which can be produced by CETP (34), may thus be an 
optimal mediator of cellular cholesterol efflux (35). 

In conclusion, in this study we have shown that the intrave- 
nous administration of the asialoglycoprotein-poly-L-lysine-an- 
tisense complex is a beneficial method for reducing the plasma 
levels of LDL and VLDL cholesterol and increasing the plasma 
level of HDL cholesterol, possibly by enhancing LDL catabo- 
lism (7) and decreasing the transfer of cholesteryl ester from 
HDL to apoB-containing lipoproteins (1, 2). However, it must 
be mentioned that our results were limited to the period com- 
prising only several days after the injection. Therefore, to elu- 
cidate the exact effect of CETP on atherosclerosis development, 
further longer term studies are called for. 
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